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Summary
Growing environmental concerns and global warming issues stimulate the interest 
of using alternative fuels in power generation especially for gas turbine applications. 
This experimental and numerical study has been performed to investigate turbulent 
burning velocities of alternative gaseous fuels at atmospheric and elevated temper­
ature and pressure conditions using Bunsen burner and generic swirl burner.
Five different gases: 100% methane, 85% methane - 15% carbon dioxide, 70% 
methane - 30% carbon dioxide, 85% methane - 15% hydrogen and 70% methane - 
30% hydrogen mixtures have been tested at a range of equivalence ratios at atmo­
spheric and 473 K, 573 K, 673 K temperature and 3 bar, 7 bar absolute pressure 
conditions.
Bunsen burner and generic swirl burner experiments at atmospheric conditions 
have been performed in Cardiff University’s laboratory. Bunsen burner experiments 
at elevated conditions have been conducted using High Pressure Optical Combustor 
at the Gas Turbine Research Centre. Laser Doppler Anemometry has been utilised 
to determine the velocity profile and turbulence characteristics at the exit of the 
burner. Planar laser tomography has been used in order to measure the turbulent 
burning velocity for the different gas mixtures at a range of temperatures and pres­
sures. Laser Induced Fluorescence of OH was used to obtain turbulent and laminar 
flame images. A generic swirl burner was used to test flashback and blowoff limits 
of alternative fuels at atmospheric conditions.
Temperature, pressure and CO 2 and H 2 addition to CH4  effects on turbulent 
and laminar burning velocity have been found and discussed. Novel turbulent burn­
ing velocity determination methods are presented and uncertainties have been dis­
cussed. Turbulent burning velocity correlation with nondimensional numbers have 
been found and flames structures have been analysed.
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Chapter
Introduction and literature review
1.1 Introduction
Industrial gas turbines and burners have been increasingly used for a wide range of 
applications in industry and for power generation. These processes rely mostly on 
conventional fuels, such as: oil, natural gas and coal. However existing conventional 
fuel resources are running short. Proven reserves of remaining conventional liquid 
fuels are 1342 billion barrels [1]. Therefore at a projected production of around
86.3 million barrels per day (2010) liquid fuel will run out after approximately 43 
years [1]. Another conventional fuel, natural gas is also vital source of energy. The 
International Energy Outlook reported, that proved remaining reserves of natural 
gas are 177 trillion m 3 [1]. With the natural gas production of 3.15 trillion m3 
per year (2008) [2] natural gas resources should be able to sustain for another 56 
years. The most abundant of all fossil fuels is coal. The estimated recoverable 
reserves of coal are 843 billion metric tones, which gives reserve-to-production ratio 
137 years [1]. However fuel reserves are not the only issue. Pollution and global 
warming are also critical.
With growing concerns regarding global warming and energy security, a new 
range of alternative fuels are being considered for use in industrial gas turbines [3]. 
Existing gas turbines for power generation are mostly optimised to burn natural gas. 
This is well established and an energy efficient technology [4]. Therefore in order 
to partly replace conventional gaseous fuel, various blends of alternative fuels with 
natural gas need to be considered.
1
CHAPTER 1. Introduction and literature review
Feedstocks Processes Products
Agricult
waste
Animal
manure
Forestry
waste
Industry
waste
Municipal
waste
Sewage
sludge
Crops
Lignocell
feedstock
■> Combust. ->  Steam Heat&Power
Biomis-fc Gasif,caI CT>H2 
L---------------------------- ,
1-------- ► Pyrolysis ->  Bio-oil
DME 
Methanol
CYops Extraction
 
Esterilic H
FT Conv.
Biodiesel
Crops Fermentat. -► Distillat. •>  Ethanol
Shift
Wet ^  Anaerobic 
Biomass Digestion
* Vs ..............
Bi<
Reformer!?"
—t  I• • • • • • • • • • • • • • • • • • • • a
ogas Hydrogen
Figure 1.1: Alternative fuel production methods from biomass [7]
Gaseous alternative fuels can be divided broadly into two groups; those contain­
ing methane diluted with an inert gas, often carbon dioxide and those containing 
methane or natural gas enriched with hydrogen. Hydrogen is considered as one of 
the most promising alternative to existing fuels. However the high cost of production 
of pure hydrogen, safety issues and different combustion characteristics restrict its 
commercial usage. Instead of using pure hydrogen, hydrogen-methane blends receive 
more attention as an alternative fuel for power generation applications. The main 
reason of using hydrogen is related to the reduction of CO2 emissions so decreasing 
global warming effects. The second reason is to enhance the utilization of gasified 
biomass and other by-product gases derived from some industrial processes in the 
form of producer gases containing mainly H2  and CO  which can also be mixed with 
methane [5, 6]. The third reason is to improve air quality by replacing petrol or 
diesel in transport.
Biomass and coal are considered as the most feasible sources for the production 
of alternative fuels. Biomass conversion methods are presented in Fig. 1.1 [7].
There are mainly three methods for biomass conversion: thermal (thermochem­
ical), biological (biochemical) and extraction. Obviously for different biomass feed-
2
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stock different conversion methods can be considered in order to obtain liquid or 
gaseous fuels. For instance food processing wastes or sewage sludge are mainly con­
verted to biogas using biological method - anaerobic digestion, whilst solid biomass 
originating for example from forestry wastes could be converted using direct com­
bustion, gasification or pyrolysis.
For biogas production only thermal and biological methods could be applied. 
Using thermal biomass treatment methods very different compositions of fuels are 
obtained depending on the chemical reactions involved and catalysts used [8, 9]. Hy­
drogen is being found as the main component in the biogas produced using thermal 
methods. For biogas production from waste and sewage from industry, municipali­
ties and farms, biological methods are used. Due to complicated anaerobic digestion 
technology and the feedstock, the fuel gas composition is very variable as well. The 
main components in such mixtures are methane and carbon dioxide [10]. The gas 
mixture can consist of 30% to 70% of methane with the rest as carbon dioxide. 
Sometimes small amounts of other gases can be found [11, 12].
Alternative fuels produced from biomass will not be able to replace existing fossil 
fuels in coming decades. Fossil fuels amount for around 80% of total primary energy 
supply and will remain so at least until 2030 [13]. Coal is the most abundant fuel 
and it is recognised that it will retain its importance in the future. However ex ist­
ing coal combustion technologies are not acceptable due to large CO2 emissions and 
other methods of coal conversion neet to be considered. Similarly as for biomass 
coal gasification, especially underground gasification, which allows the production 
of synthetic gas (syngas) directly at the source of the coal bed, are gaining more 
attention. Although the composition of syngases is variable one of the main com­
ponents in these gases is hydrogen, which is perceived as clean fuel capable partly 
replace methane, such reducing the CO 2 emmisions.
1.2 Challenges
Combustion is the only realistic conversion technology allowing the generation of 
heat and power in gas turbines or large steam boilers, using hydrogen or carbon 
dioxide enriched fuels. Combustion is the chemical process in which substances mix
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with oxygen in the air to produce heat and light [14], and these chemical processes 
vary depending on the gas composition. Increased hydrogen levels as well as addi­
tion of inert or other combustible gas in the methane or natural gas changes the 
combustion charactersitics. One of the most important fundamental characteris­
tics of the combustion is the burning velocity or the flame speed, which obviously 
changes with the gas composition.
However not only gas composition influences burning velocity. In most industrial 
combustors and in gas turbines combustion occurs in turbulent flows. Turbulence 
by itself is complicated phenomenon, and turbulent combustion becomes even more 
complex as two interdependant events take place simultaneously. Flow characteris­
tics and regimes have a significant impact on burning velocity and this effect must 
be evaluated.
In gas turbines combustion reactions take place under high pressure and temper­
ature conditions, which in turn modifies combustion characteristics such as burning 
velocity. Therefore a greater understanding of the fuel behaviour at different condi­
tions is required and investigation of alternative fuel combustion becomes of primary 
importance.
1.3 A im s and objectives
This study has been undertaken to evaluate carbon dioxide dilution or hydrogen 
enrichment effects on turbulent and laminar burning velocities of premixed methane 
flames at atmospheric and elevated temperature and pressure conditions, using the 
established Bunsen burner method and a generic swirl burner. The aim of this work 
is to add to the understanding of the turbulent and laminar burning velocities of 
alternative fuels over a range of equivalence ratios, temperatures and pressures.
Objectives:
•  Develop and validate the new flame image processing method allowing to cal­
culate burning velocity using Bunsen burners.
•  Develop and validate the novel burning velocity calculation method using 
generic swirl burner.
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•  Analyse turbulence effects on burning velocity at atmospheric and elevated 
temperature and pressure conditions.
•  Evaluate burning velocity variation due to temperature and pressure effects.
•  Analyse temperature and pressure effects 011 turbulent flame structure.
In this work the investigation of turbulent and laminar burning velocities of 
methane - carbon dioxide and methane - hydrogen mixtures under atmopheric and 
elevated temperature and pressure conditions are discussed. Novel methods of cal­
culation of turbulent burning velocity are presented and uncertainties emphasised.
1.4 Literature review
There have been many attempts to investigate laminar and turbulent methane 
flames [15-17], methane and carbon dioxide mixtures [18], methane and hydrogen 
mixtures [19-23] and even synthetic gas fuel mixtures [24] at atmospheric and non 
atmospheric conditions.
Laminar burning velocity of methane - air flames was investigated by Andrews 
and Bradley in early 1970s [15, 25] using a propagating flame method. They re­
viewed and critically assessed different burning velocity measurement methods [15]. 
Later they presented their results obtained using propagating flame methods and 
compared them with the data of other works [25]. Significant discrepancies between 
the laminar burning velocity results were found. The authors argued that these 
variations arose due to the quenching of the flame at tube wall or burner rims, i.e. 
the measurement method had affected the results.
Another review of different experimental burning velocity measurement meth­
ods was presented by Rallis and Garforth [26] in the 1980s. They assessed different 
methods and compared the experimental results and available numerical calcula­
tions. They concluded the uncertainty of measurements narrowed and suggested a 
benchmark value 0.37±0.2 m /s for stoichiometric methane - air mixture at 1 bar 
and 298 K.
Later the laminar methane flames were investigated by Egolfopoulus et al. [16] 
under both reduced and elevated pressures using counterflow flame methodologies.
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Their study illustrated the influence of pressure on the laminar burning velocity, 
which decreases with increasing pressure.
In parallel to laminar burning research the investigations of the burning veloc­
ity of turbulent flames were undertaken. One of the first papers, where all known 
measurements of turbulent burning velocity values were reviewed, was that of Abdel- 
Gayed et al. [27]. The authors scrutinised all the experimental data and proposed 
the correlation of S t / S l  v s  u'k/ S l  depending on the straining rates and Le num­
bers. Later Bradley et al. [28] presented a more exact correlation based on known 
experimental data (Fig. 1.2), which involved a Karlovitz stretch factor K  and Le 
number:
^  =  0.88(K  ■ Le ) ~ 0 3  (1.1)
Uk
Later however Bradley et al. suggested a slightly modified correlation [29] and 
even proposed that M a  number should replace Karlovitz stretch factor K  in these 
correlations [30].
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Figure 1.2: Correlation of turbulent burning velocities proposed by Bradley et al. [28] 
Turbulent burning velocity modelling has always been a focus of combustion
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researchers. Lipatnikov and Chomiak in their extensive review paper presented 
around 17 different models for predicting St  [31]. It was noted by the authors that 
the well-established trends:
- an increase in St  by u'\
- an increase in St  and dST/du' by S l with the scaling component of around 0.5 
- 0 .8 ;
- an increase in St  by pressure despite the decrease in S l -
must be predicted by any model of turbulent combustion [31]. The authors 
concluded that only a restricted number of models can predict all qualitative trends. 
These included those of Zimont [32] and Peters [33]. Zimont’s model is widely used 
in numerical computation and can be expressed using the equation:
St  — Bv! Da0.25 ( 1.2)
where B  is the model constant.
Peters’ model is more complex and is expressed using the equation:
St  — S l <
0.39/p
2 6  r
0.39/0 +  0.78
u%
0 .5 'I
(1.3)
2Sl )  S l$l
For comparison Zimont’s and Peters’ model are represented in Fig. 1.3. More 
detailed discussion about various models and review of experimental results of tur­
bulent burning velocity measurements can be found in the Lipatnikov and Chomiak 
paper [31].
Pressure and temperature effect on turbulent methane flames were extensively 
studied by Kobayashi et al. [17, 34-36]. Kobayashi [17] investigated turbulent flames 
using a Bunsen burner technique and showed that turbulent and laminar flame ra­
tio St / S l is pressure dependent and rises with increasing pressure. The study also 
showed that flame shape becomes more wrinkled at higher pressures. In later inves­
tigations Kobayashi et al. proposed the correlation for St / S l which encompassed 
the pressure effect [36]:
0.38S t  t (  P  W 
S Z ' 5 0  \ P 0 SL 
where P  is required pressure and PQ is atmosperic pressure 0.1 MPa.
(1.4)
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CH4 1 bara 298 K, Zimont, ER-0.6, lQ-10 mm, 
iCH4 1 bara 298 K, Zimont, ER-0.8, lQ«10 mm, 
i CH4 1 bara 298 K. Zimont. ER-1.0, l#-10 mm, 
CH4 1 bara 298 K, Zimont, ER-1.2, l#-10 mm, 
CH4 1 bara 298 K, Peters, ER-0.6,10-10  mm, 
CH4 1 bara 298 K, Peters, ER-0.8.10-10 mm, 
,CH4 1 bara 298 K, Peters, ER-1.0. I„-10 mm, 
CH4 1 bara 298 K, Peters, ER-1.2, l0-10  mm,
4.5
3.5
2.5
1.5
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F igure 1.3: Z im o n t’s [32] and P eters’ [33] turbulent burning velocity models
Increasing demand for more sustainable fuels stimulated research into alterna­
tive fuels such as methane diluted with carbon dioxide or enriched with hydrogen. 
Carbon dioxide dilution reduces the burning velocity of the laminar flame, and this 
can be quantified through modelling tools such as Chemkin. However more detailed 
investigation is necessary for the turbulent flames, especially for pressure conditions 
greater than atmospheric. Different aspects of methane and carbon dioxide mixtures 
were investigated at different conditions [18, 21, 37-42].
Laminar flames of methane - carbon dioxide mixtures at 1 bar absolute and 298 K 
were tested in a combustion vessel at near-zero gravity conditions [37]. The results 
indicated that the laminar burning velocity of pure methane is around 37 cm/s. 
The CO2 addition reduced burning velocity considerably. For instance the burning 
velocities of 80% CH 4 - 20% CO2 mixture and 50% CH 4 - 50% CO2 mixture were 
around 32 cm/s and 18 cm/s respectively. Based on these experiments the authors 
derived the coefficients for a quartic fitting equation, adapting it for a wide range of 
temperatures (295 K - 454 K) and pressures (0.5 bar - 10.4 bar).
Consideration of landfill gas, consisting mostly of CH 4 and CO2 , in the stag­
nation flow configuration revealed that laminar burning velocities and extinction
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strain rates reduce in comparison with pure methane, which could create stability 
problems in practical combustors [38].
Turbulent CH 4 - CO 2 gas mixture combustion has been investigated in a fan- 
stirred cruciform burner [21, 39]. The investigators pointed out the importance of an 
increased radiative heat loss due to CO2 dilution in methane, which affects turbulent 
burning velocity. A general correlation with Damkohler number S t  — S l/c / = 
0.06Da°-58 for N 2 and CO 2 diluted gas mixture flames was proposed [39].
A Bunsen burner was used to study the effect of CO 2 addition on methane flames 
in air at elevated temperature by Kobayshi et al. [18]. The findings showed that 
turbulent burning velocity normalised by laminar burning velocity S t / S l  reduces 
with increasing CO 2 quantities in the mixture, and that this effect might be caused 
due to the influence of Markstein length. The researchers concluded that CO 2 has 
“significant effect in terms of decreasing the smallest scale of flame wrinkles” , and 
that this could possibly restrain oscillations in combustion systems with exhaust gas 
recirculation.
More recent work on laminar and turbulent flames conducted at elevated tem­
perature and pressure of CH 4 - CO2 gas mixtures was reported by Cohe et al. [42]. 
The comparison of laminar experimental results with Chemkin numerical calcula­
tions using the Premix code with the GRI-Mech v3.0 kinetic mechanism, showed 
modest discrepancies in estimating S l  at increased pressures. Turbulent flame image 
analysis showed that flame wrinkling parameters and flame surface density did not 
depend on CO 2 addition and that the pressure had more pronounced effect on flame 
structure. It was concluded that S t / S l  increases with pressure and CO2 addition 
rate.
Turbulent hydrogen and hydrogen enriched flames are of great interest for the 
combustion community. During the last decades significant progress has been achieved 
in understanding of methane as well as hydrogen flames. The hydrogen or hydrogen 
enriched premixed fuel combustion at atmospheric conditions and at elevated pres­
sure conditions for laminar and turbulent flames were studied experimentally and 
numerically by many researchers [19-24, 43-56]. Most of these investigations were 
performed using propagating flames. All investigations of laminar and turbulent 
flames show an increase of the burning velocities as a result of hydrogen addition to
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methane.
Kido et al. published their experiments performed with two components mixtures 
consisting of methane and hydrogen and propane and hydrogen [23]. They concluded 
that turbulent burning velocity was considerably increased for lean mixtures by 
hydrogen enrichment, however it was not always the case for rich mixtures. These 
findings were in good agreement with the observations of other investigations [22, 57].
Mandilas et al. [22] performed experiments with methane - hydrogen and iso­
octane - hydrogen mixtures. Laminar and turbulent propagating flames at pressures 
up to 5 bar were investigated. They reported that hydrogen enriched methane 
mixture (30% by volume) approximately doubled turbulent burning velocity for 
lean mixtures, however no changes in turbulent burning velocity for rich mixtures 
were found. They concluded that hydrogen addition has a larger effect on burning 
velocity for lean flames and little effect for rich flames. Similiar findings at elevated 
temperature and pressure conditions were reported in [41].
Natarajan et al. [24] performed the experiments on H 2 /C O /C O 2 gas mixtures at 
atmospheric conditions and at elevated temperature and pressure conditions. They 
used Bunsen flame and one-dimensional stagnation flame to calculate the laminar 
flame speed. Their research revealed that GRI-Mech v3.0 kinetic mechanism and 
experimental results were in good agreement for low hydrogen content mixture at 
ambient conditions. For the lean gas mixtures with higher hydrogen amount GRI- 
Mech uderpredicted burning velocity. The same findings were reported by di Sarli 
and di Benedetto [5], who investigated hydrogen effect on methane flames, and 
Strohle and Myhrvold [58], who evaluated chemical kinetic mechanisms for hydrogen 
combustion at atmospheric and elevated pressure conditions.
Griebel et al. performed experiments at high temperature and pressure con­
ditions [19]. They investigated lean blowout limits and N O x emissions for lean 
premixed methane - hydrogen flames. The experiments showed that lean blowout 
limit was extended by adding hydrogen. They concluded, that because of the exten­
sion of lean blowout limit the lower N O x emissions could be achieved due to lower 
combustion temperature.
Interesting results have also been obtained by Lafay et al. [52]. They used a 
V-shape laminar flame to investigate hydrogen addition effect on methane laminar
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flame thickness using Rayleigh scattering thermometry. They compared experimen­
tal data with numerical calculations and concluded that hydrogen addition decreased 
flame thickness, which agreed with numerical calculations using GRI-Mech [59], San 
Diego [60] and Dagaut [61] chemical kinetic mechanisms.
The recent investigations of turbulent premixed methane - hydrogen flames by 
Halter et al. [20], Shy et al. [21] and Fairweather et al. [55] added to the understand­
ing of hydrogen enrichment effect to turbulent combustion. Halter et al. performed 
the calculations of the flame structure quantities for hydrogen enriched methane 
flames at elevated pressure. An increase in St / S l with hydrogen addition for el­
evated pressures of 3 and 5 bar was observed. They concluded that flame surface 
density increases with increase of hydrogen mole fraction in the mixture.
Shy et al. [21] presented (St  — Sl ) / u' correlations with Da number for lean mix­
tures. The experimental results for different gas mixtures are presented in Fig. 1.4.
I 1 1 1 1 I
Slope
30%/70%
20%/80%
10%/90%
H j / C H 4 
0%/ 100%n * 1.46
N, / C H 4 
4 1 % /5 9 %
0=0.7
!N,/CH4 
56% / 44%
(£, = 0 .17  m/8; ( c = o.i m/s; 
T«d * 1844K) t , , *  1798K)
^  c o , / c h 4
30%  / 70%
CO, / c h 4
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T*i '  I754K)
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T mi * 1869K)
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Figure 1.4; Experimental results of Shy et al. f21]
The latest experiments of Fairweather et al. [55] performed in a fan stirred 
bomb revealed a little influence of hydrogen addition to the burning velocity of 
rich methane - hydrogen mixtures. However a large impact on burning velocity was
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observed for lean mixtures. They also presented St  correlations with Ka  number.
While hydrogen enriched fuel combustion technologies are under development, 
Lean Premixed (LP) combustion allowing the reduction of pollution emissions, par­
ticularly N O x, is widely used in practical applications. LP combustion is mainly 
achieved by using swirl-stabilised combustion. It reduces the flame temperature so 
reducing thermal N O x emissions. However LP combustion is often accompanied by 
stability problems. Premixed flames are naturally more susceptible to static and 
dynamic instability due to a lack of inherent damping mechanisms [62]. Therefore 
the understanding of swirl-stabilised combustion is an important prerequisite for the 
development of novel technologies.
Combustion in swirl burners has been studied for decades and the reviews can be 
found in the works of Syred [63, 64], Gupta et al. [65], Huang et al. [66, 67] and others. 
Vanoverberghe [68] and Coghe et al. [69] have demonstrated the reduction of emis­
sions by increasing swirl, producing flames stabilized by the surrounding structures, 
such as inner and outer recirculation zones, formed as a consequence of the dynam­
ics of the swirling mechanism. Huang et al. [66], and Huang and Yang [67] studied 
combustion dynamics and instability in lean premixed swirl-stabilized combustors. 
They concluded tha t in combustion systems the dominant mechanism responsible 
for driving unsteady flow oscillations arise from either heat release or gasdynamic 
fluctuations, or both [67].
Valera-Medina [70, 71] investigated coherent structures in swirl flows. He per­
formed flashback analysis [70] for a swirl burner using different exit geometries and 
concluded that there are two types of flashback. Type 1 flashback occurred due to the 
backwards propagation of Central Recirculation Zone (CRZ), and type 2 flashback 
occurred due to radial propagation into the outer swirl chamber from the exhaust 
sleeve. He argued that type 2 flashback occurred as a consequence of St , boundary 
layer flame propagation and Combustion Induced Vortex Breakdown (CIVB).
CIVB and its effect on flame flashback has been discussed by Kroner et al. [72]. 
They stated that there are four causes initiating flame flashback in swirl burners:
- Flame propagation in the boundary layer;
- Turbulent flame propagation in the boundary core flow;
- Combustion instabilities;
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- Combustion induced vortex breakdown.
They derived the flame quench factor as the ratio of flame chemical time and 
mixing time, and emphasised that using this factor, flashback behaviour of the 
burner can be characterised.
Several studies of the fuel dilution effect, oscillations, and combustion instability 
in swirl burners have been recently conducted [73-75].
The gas turbine combustor operability issues: blowout, flashback, combustion 
instability, and autoignition were discussed by Lieuwen et al. [73]. The researchers 
reviewed the fuels and their properties emphasising the differences in combustion 
properties of individual gases compared to combustions properties of mixtures of the 
same gases. They have used the Damkohler number, which can be expressed as the 
inverse of the quench factor, to relate the blowout limits, and showed that blowout 
occurs at Da = 0.6 for a number of permutations of CO / H 2 IC H 4 blends. Turbulent 
burning velocity behaves in a nonlinear manner as the fuel mixture changes, and a 
possible reason for that are the changes in chemical kinetic rates and radiative heat 
transfer [73].
The oscillation mechanism in the industrial swirl combustor were investigated by 
Dhanuka et al. [74]. PIV and PLIF techniques were used to obtain velocity profiles 
and images. The authors concluded that the lean premixed prevaporised combustor, 
used in the experiments, at off-design conditions exhibits unsteady behavior if the 
ratio of the main fuel flow rate to the pilot fuel flow rate exceed a critical value. Two 
major recirculation zones Primary Recirculation Zone (PRZ) and Lip Recirculation 
Zone (LRZ) were identified, both having a stabilising effect. The low frequency 
unsteadiness found during the experiments was driven by periodic flashback oscilla­
tions through the premixed reactants that fill the Corner or External Recirculation 
Zone (ERZ).
The premixed turbulent combustion burning rate determination has a great prac­
tical importance, however experimental investigation is not always feasible. There­
fore premixed turbulent models become more important. The closures of chemical 
source term in different models are of great importance and these models rely ul­
timately on experimental research [76]. The necessity to validate modelling results 
with experimental findings arises. In some models the flame surface density E,
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which relates turbulent and combustion interactions is used. It can be related with 
turbulent burning velocity St  [76, 77]:
where I0 is the flame stretch factor, 77 is coordinate normal to c =  0.5.
Flame surface density, turbulent flame thickness and other flame structure quan­
tities are important parameters in the numerical investigation and modeling. It has 
been recommended to create and record the database of these values for each flame 
category [77]. Many researchers performed experiments to investigate these quanti­
ties [44, 76, 78-90].
Deschamps et al. [78] investigated Bunsen flames and propagating flames in a 
spark-ignition engine. They calculated two dimensional flame surface densities and 
flame front orientation angles, which were used to obtain three dimensional flame 
surface density values. The Bray-Moss-Libby coefficient g /o yLy was calculated using 
a fractal model. In their conclusions they pointed out that the cosine of flame front 
orientation angle was about 0.7, and that flame surface density did not vary much 
for the range of u '/S l from 0.25 to 2.0.
Shepherd [79] investigated flame surface density and burning rates of the V- 
shape flame. He proposed that burning rate, W  = St / S l , can be estimated from 
the equation W  =  &r£ma*- Later Shepherd et al. [80] calculated burning rates using 
the conditional mass flux method. The scalar and conditional mass flux methods 
were adopted by Shepherd and Cheng to investigate methane-air flames in a low swirl 
burner [76]. They concluded that scalar measurements of the flame surface density 
and conditional mass flux method gave very different results in many investigations, 
and displacement and consumption speed must be distinguished. They proposed 
that flame surface measurements should be used to appraise theoretical models.
In recent investigations Giilder and Smallwood [86] investigated Bunsen flames 
at medium and high turbulence intensities. They found that flame surface density 
profile as a function of progress variable did not show any dependence on turbulence 
intensity, and the integrated flame surface density was insensitive to turbulence 
intensity as well. They concluded that increases in the flame surface density by 
turbulence may not be the dominant mechanism for flame velocity enhancement in
(1.5)
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the flamelet combustion regime.
In their latest research Halter et al. [87] analysed flame surface density in tur­
bulent premixed combustion. They investigated lean methane Bunsen flames at 
elevated pressure. They tested two formulations linking two dimensional and three 
dimensional flame surface densities. They concluded that the assumption of cosine 
of the flame front orientation angle of 0.6 led to underestimation of burning rate for 
atmospheric pressure flames and overestimation for high pressure flames.
An extensive reserch of the flame stuctures of methane and hydrogen flames was 
conducted by Chen and Bilger [44, 88-90]. They argued that flame brush thickness 
may not be correlated with the turbulence integral length scale if the eddy/flame- 
front interaction time, which is considered as the residence time of large-scale eddies 
in the local turbulent flame brush, is smaller than the eddy turnover time [88]. 
They also proposed a slightly modified Borghi-Peters diagram for Bunsen burner 
flames [89].
Although many investigations were conducted and good progress was achieved 
in turbulent flame research “only partially do we have answers to the fundamental 
questions” [91] and “the real challenges actually lie ahead” [92].
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2.1 Laminar flame characteristics
The research of the premixed laminar flames is the basis for the investigation of the 
premixed turbulent flames. The investigation of the turbulent flames in flamelet 
and thin reaction zone regimes is based on theories developed for laminar flames. 
In this section the important quantities of laminar flames with respect to premixed 
turbulent flames are discussed.
First premixed laminar flame experiments were performed in the XIX century [93]. 
A Bunsen burner was used for this purpose, but later many more different techniques 
were developed [26]. Through experiments and the study of chemical and physical 
processes classical laminar flame theories were developed. One of the most impor­
tant was the thermal theory of Mallard and Le Chatelier. According to this theory 
the flame could be divided into two zones: preheat zone and reaction zone. In the 
preheat zone the gases are heated to ignition temperature and in the reaction zone 
the chemical reactions of combustion take place. According to this theory lami­
nar burning velocity Sl is proportional to chemical reaction rate, and based on the 
Arrhenius law it can be expressed [93]:
SL oce~ 2i&r (2.1)
Based on Mallard and La Chatellier theory Zeldovich, Frank-Kamenetsky and 
Semenov developed a comprehensive theory of premixed laminar flames, which was 
based on adoption of two flame zones. They used energy equation and species
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conservation equation to relate Sl with chemical reaction rate. In this theory the 
basic relationship 2.1 remains the same, however temperature T  is replaced with 
flame temperature Tf. This theory is valid for high activation energy reactions 
and it does not predict very accurate results, but shows the trend of the flame 
propagation speed [93].
In later research Tanford and Pease [94] proposed a hypothesis that the diffusion 
of radicals may play an important role for laminar flame speed. It was assumed that 
the diffusion of active radicals into the unburned gas, but not the temperature gradi­
ent, is of major importance in determining the burning velocity. Later Hirschfelder 
encompassed thermal and diffusion theories.
With the development of high speed computers the traditional theories and an­
alytical methods have been replaced with numerical models, which can be pro­
grammed to solve complicated continuity equations. For the constant pressure and 
low Mach number flames the conservation equations can be derived [95]:
- Mass conservation
- Species conservation, for k — 1 to TV — 1, where N  is number of species
^ ?  +  £ ( ^  +  v u n )  =  «,* (2.3)
- Momentum
(2.4)
here
(2.5)
- Energy
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The laminar flame is assumed to be a steady one dimensional combustion prob­
lem, therefore these equations can be further modified and the set of equations 
obtained. The momentum equation is not necessary anymore.
(pun)b = (pSL)u (2.7)
^ ( p ( u  +  Vk)Yk) = wk (2.8)
dT A  . d f , d T \  dT (  ^
/’Cp“ dx ~  ^  kWk + dx (' d x )  <2'9)
A : = l  v  ' \  k=\ /
These equations can be solved if the model for the reaction rate w\t and for
the diffusion velocities V* is provided and proper boundary conditions are known.
Solving these equations yields Sl [95-97].
2.1.1 Lam inar burning velocity
One of the most important laminar flame characteristics is laminar flame speed 
or laminar burning velocity Sl , which is the property of the mixture, “indicating 
its reactivity and exothermicity in a given diffusive medium” [98]. Many different 
experimental methods can be applied to measure S l [26], however measurement 
results differ depending on the measurement techniques [15, 25, 99]. However Sl 
varies depending on temperature and pressure [16], therefore numerical calculation 
tools are often used to calculate laminar flame burning velocity, saving time on 
experiments.
The main objective of the laminar flame theory is to define the laminar burning 
velocity Sl - The classical device to research laminar burning flames is the Bunsen 
burner (Fig. 2.1) [100].
The unburned gas velocity vu can be split into two components tangential velocity 
vt,u and normal velocity u„jU (Fig. 2.1). Due to mass conservation the mass flow pv 
must remain the same for burnt and unburnt gases, although p changes due to the 
gas expansion, therefore (pvn)u = (pvn)b. Hence the normal component of unburnt 
gas mixture can be expressed f n,6 — vn,uPu/Pb- Tangential velocity components of 
burnt and unburnt gases are equal vt,u =  vtyb since they are not affected by gas
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Figure 2.1: Bunsen burner and kinematic balance scheme taken from [100].
expansion. The flame front is stationary, therefore the burning velocity S l must be 
equal to normal component of the unburnt gas mixture Sl = vn,u- If the angle a  
is known, then vUiU = vusina, and the laminar burning velocity can be calculated 
Sl =  vusina.
With the development of digital imaging and image processing methods new 
opportunities arose. A new method of flame image processing was proposed for 
Bunsen type burners x. The method consists of several steps. At first digital images 
of the flame are taken. As laminar flames are stable it is sufficient to take one or 
few images. The raw flame images are then converted to the binary images, where 
each pixel obtains a value of 1 in the flame region or value 0 in the outer region. 
The flame front is then rotated around its axis and the area of the flame A is found. 
When the mass flow rate and the density of the air/gas mixture are known then 
S l can be easily calculated using the equation. Full description or this method and 
application is discussed in chapter 4.
Another stationary flame method used to investigate laminar flame velocity is 
Private communication with Dr P. Kay from Cardiff University, November 2007
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the flat flame burner method. The flat flame burner consists of a vertically placed 
pipe and a porous metal plate mounted on the top of the pipe. The gas mixture 
is delivered through the pipe and ignited just above the plate. The oxidiser and 
fuel mixture flow rate is adjusted in order to obtain a flat flame just above the 
porous plate. The flame is stabilised above the burner and it is normal to the gas 
mixture flow direction. In order to avoid atmospheric effects an inert gas can be 
supplied around the main burner, thus isolating flame from the environment. As 
the flame area is well defined the S l can be calculated by dividing volumetric flow 
rate by the flame area. However this method has disadvantages, which arise due to 
heat transfer from the flame to the burner. The flame is inherently nonadiabtic [98], 
therefore corrections must be made in order to obtain a theoretical S l . The heat loss 
reduction by increasing the flow rate can distort the flame surface [98]. The flame 
can be stabilised by changing the heat loss rate by cooling. Varying the gas flow rate 
and recording the cooling rate needed to obtain a stable flame the S l dependence 
on heat loss can be calculated. As it is not possible to achieve the stable flame 
at zero heat loss, theoretical Sl value must be found by extrapolating. Further 
development of the flat flame burner, the heat flux burner method developed by de 
Goey et al. [101], allowed the circumvention of this problem.
The heat flux burner method is based on the compensation of the heat loss by a 
heat gain of the unburnt gases when they pass through the burner plate [101]. This 
compensation stabilises the flame above the burner. At these conditions, when there 
are no heat gain and loss the flame becomes adiabatic, and laminar burning velocity 
equals the inlet velocity of the gas mixture. However as it is difficult to adjust the 
gas mixture velocity accurately in practice, the S l is calculated by interpolating 
values towards zero heat flux [51, 102].
One of several propagating flame methods to calculate the Sl is the spherical 
combustion bomb method, which has been widely used by many researchers. The 
main distinction of this method is that the flame front propagates in space. Us­
ing this method the gaseous mixture of air or oxidiser and the combustible gas is 
prepared in the spherical or cylindrical vessel. The vessel must be equipped with 
the windows to observe the flame propagation. The mixture is ignited with the 
spark in the centre of the vessel and the flame front propagation speed Ss = dvf/d t
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is recorded. As the flame propagates towards the vessel wall it creates pressure 
rise and temperature changes, which must be taken into account [103]. There are 
several expressions to calculate S l  with respect to unburned gases. In equation 
S l  = Pb/puSs the expansion coefficient (density ratio) must be properly determined. 
The determination of pb is the difficult task and accurate experimental or numerical 
methods must be used. Another equation S l  = Ss — S 9  involves unburnt gas velocity 
Sg. This velocity can be measured directly [25] or indirectly. The combustion bomb 
method has also been used to investigate turbulent flames. For this purpose addi­
tional fans are installed to create turbulence. The applications of using combustion 
bombs for turbulent flame research are described elsewhere [22, 53, 104, 105].
Another propagating flame method, used for laminar flame research, is the cylin­
drical tube method. Using this method the tube is placed vertically in order to avoid 
buoyancy effect. The gas mixture is ignited at an open pipe end on the top. The 
flame front travels downwards, towards the gas mixture supply pipe. The flame 
front travel speed is equal to Sl - The main drawback of this methods is that the 
flame front and wall interaction effect must be carefully determined. However it is 
doubtful if this estimation can be accurately obtained [26, 106]. Despite the disad­
vantages this method has been used not only in laminar flame investigations, but 
also in turbulent flame research [21, 39, 107-109].
Numerical computation is often used in flame research as a replacement for 
analytical calculations and experiments. Numerical computation models and various 
chemical kinetic mechanisms have been validated extensively. Premix [110] is one 
of the widely used numerical codes. Fig. 2.2 shows the results of computation, 
obtained using Chemkin-Pro software and Premix code. Temperature, unburnt 
fuel fraction, OH and CH radicals mole fraction variation along the flame at one 
particular equivalence ratio are shown.
Typical results of laminar flame burning velocity S l calculations at atmospheric 
conditions, obtained using Chemkin-Pro are presented in Fig. 2.3.
In this work Chemkin-Pro [111] software and Premix code [110] have been used to 
define laminar burning velocities at atmospheric conditions and at elevated pressure 
and temperature conditions.
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Figure 2.4: Flame thickness definition.
2.1.2 Laminar flame thickness
Laminax flame thickness is an important characteristic. It can be computed using 
different methods. The fast approximation of the laminar flame thickness Sl can be 
done using the equation:
Sl = ~ A r  (2 1 °)pCpOL
Here p, A and cp are evaluated in the fresh gases.
A more useful definition of the laminar flame thickness is obtained by calculating 
the maximum temperature gradient \dT/dx\ and using the formula:
Tb — Tu .
L  =  T& F\  I 2 -1 1 )
I dx  I m ax
Here Tu and Tb are the temperatures of unburnt and burnt gases.
The graphical representation of the laminar flame thickness definition is pre­
sented in Fig. 2.4.
The most important task defining the laminar flame thickness using temperature
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gradient method is to find the maximum of the temperature gradient. Incorrectly 
estimated temperature gradient gives too large Sl values.
There are other methods to estimate laminar flame thickness. One of the sim­
plest methods is to define the distance over which the temperature starts to change 
from initial unburnt gas temperature to burnt gas temperature, and drawing the 
tangential line to calculate its gradient. However this method produces global flame 
thicknesses [95], which are much larger than estimated using the temperature gra­
dient method.
2.2 Turbulent flame characteristics
The theory of turbulent flames is based on the application of the methods used to 
investigate laminar flames. For laminar flames the chemistry plays the important 
role, while for turbulent flames the interaction of chemistry and turbulence is of 
the greatest importance. The turbulence distorts the flow, therefore the normally 
smooth flame front becomes wrinkled. The wrinkling of the flame front changes the 
flame behaviour. To solve the turbulent flame problems using analytical solutions is 
very difficult as the turbulence itself is very complicated. Many attempts to predict 
the behaviour of turbulent flames have been made by many researchers [32, 112], 
who tried to find the solution for the different turbulent flames. However the practice 
shows that particular models predict turbulent flames well only in certain conditions.
2.2.1 S tatistica l description o f turbu lence
A turbulent flow velocity field is random [113], which means that it may be best 
described using statistical methods. For laminar flows the velocity component u can 
be calculated using Navier-Stokes equations. However since velocity component u 
is randomly variable in turbulent flows its value is inherently unpredictable [113]. 
Therefore the theory can only predict the probability of u value. This is often 
presented as the mean value u of random events together with fluctuating component 
u*. Some typical turbulent flow velocity component fluctuations as a function of time 
are presented in Fig. 2.5.
The mean velocity u is the averaged instantaneous velocity u over time t. This
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Figure 2.5: Turbulent velocity fluctuation.
is called Reynolds averaging. Another often used method of averaging variables 
is mass weighted averaging (Favre averaging). The conventional time averaging is 
defined:
1u =  lim -  /  u(t)dt (2.12)
t ->oo t  J o
The upper limit t should be long enough finite time for the integral to converge.
This is valid if u is independent of time. In practice an ensemble average compiled
from different realisations is often used, especially when large velocity oscillations 
exist. In this case for N  realisations of u the ensemble average can be defined:
1 N
u = — Uj (2.13)
i = l
The axial velocity component u can be decomposed into two parts: mean velocity 
u and fluctuating velocity component u* (equation 2.14).
u(x ,t)  =  u (x ) + u*(x,t) (2.14)
25
CHAPTER 2. Theoretical background
The same applies for radial velocity v and pressure, density and other scalar 
variables.
The variable u can be associated with probability density function PDF (P ). The 
probability density function P  of u is the derivative of the cumulative distribution 
function and is defined so that the probability that -ip < u < /ip+d'ip is P{xp)dip, where 
'ip is the sample space variable of u. Probability density functions and cumulative 
distribution function characterises the random variable u.
The PDF can be used as an averaging tool, then:
This is the probability weighted average of all possible u. Important velocity 
field components are obtained defining statistical moments. Second moment, the 
variance o 2 of the velocity, is defined by:
The variance is the measure of the width of the PDF. More often for turbulent
refered as root mean square (rms) is the square root of the variance, which express 
the turbulent intensity of the velocity:
The turbulent length scale Iq can not be directly measured, but is calculated from
different point in time u*(t)u*(t 4- r). One point temporal autocorrelation function 
is normally used for practical calculations. It is defined by the equation:
J  uP{u)d' (2.15)
(2.16)
flows the standard deviation of the velocity field is defined. Standard deviation also
Vcr2 = o = u' (2.17)
In this work the standard deviation of the axial and radial velocity will be ex­
pressed as rms velocity v! and v '.
2.2.2 Turbulent scales
In turbulence research the turbulent time and length scales are of great importance.
autocorrelation. Autocorrelation describes the correlation between velocity values at
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Autocorrelation curve
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Figure 2.6: Autocorrelation function and Taylor scale definition
R ( t ) u- ( Q u * ( <  +  t )
P{ ) R(Q) «• ( i f  ( )
where r  is the time lag, R  (0) is the correlation estimated at lag time zero, R  (r)
is the estimated correlation. One point autocorrelation means that measurements 
are performed at a point of space over time and the velocity values, obtained dur­
ing measurements which are then processed, in order to calculate autocorrelation 
coefficients. The typical autocorrelation function is presented in Fig. 2.6.
The integral time scale r0 can be found by integrating autocorrelation function:
T o=  f  p (r ) dr (2.19)
Jo
Then assuming that the field has uniform mean velocity and accepting Taylor’s 
hypothesis the integral length scale can be computed from the formula:
l0 = u - r 0  (2.20)
Taylor’s hypothesis states that turbulence might be considered to be “frozen” as 
it advects past the sensor, i.e. the fundamental properties of the eddies remain un­
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changed. This hypothesis is valid if there is predominant mean flow in one direction 
and low relative turbulence intensity v!/u  < 10% [114]. However if the conditions 
are satisfied this assumption is very valuable. One point measurement techniques, 
such as Laser Doppler Anemometry (LDA) or thermal anemometry can be used to 
estimate integral scales. This approximation is good for isothermal turbulent flows, 
however the hypothesis is more questionable for turbulent flames, because of rapid 
changes of fluctuations with position, produced by the influence of combustion [96]. 
For large relative turbulence intensity flows, however, the spatial autocorrelation 
function must be found. Similiary as the temporal autocorrelation function the spa­
tial longitudinal and transverse autocorrelation coefficients can be calculated from 
velocity measurements at different point of space:
u '{x )u '(x  +  A s)
Pn ( u ' f  '  ^
V (x)v*{x + Ax)
 uY y   ( '
Finally the integral length scales lo can be computed by integrating longitudinal 
or transverse autocorrelation coefficient:
roo
Iq = I pudx  (2.23)
Jo
From the turbulent scales and velocity field variables other important character­
istics, such as: turbulence kinetic energy, energy dissipation rate, Kolmogorov and 
Taylor scales can be calculated. Turbulence kinetic energy ks  is the mean kinetic 
energy of eddies per unit mass. It can be estimated from general equation:
kE = + 7 7  + ( O 2) (2-24)
The dissipation of kinetic energy per unit mass e is the rate at which kinetic 
energy dissipates in transition from large eddies to small eddies. This process is 
governed mostly by large eddies. The energy dissipation rate can be estimated from 
equation:
u 3
e *  T  (2.25)
*0
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Besides turbulence kinetic energy and dissipation rate e, obtained from nu­
merical calculations (k — e model), can be used to estimate integral length scale lo 
and time scale r 0.
A:3/2
lo = ----- (2.26)t
t 0 =  * (2.27)
The equation 2.25 is very important in turbulence. It shows that e does not 
depend on viscosity and Reynolds number, however the smallest scales, where energy 
dissipation occurs, depends on viscosity. Kolmogorov scales are the smallest scales 
that are responsible for dissipating energy. Kolmogorov’s first similarity hypothesis 
states that in every turbulent flow at high Re number the statistics of the small
scale motions have a universal form that is determined by viscosity v and dissipation
e [113]. Applying dimensional analysis the Kolmogorov length and time scales can 
be formed:
v3\ 1/4
ek  =  -  (2.28)
/  is\ V4 . .
rk =  ( - )  (2.29)
From equations 2.26, 2.27 it is seen that the largest length and time scales does 
not depend on viscosity, however the smallest Kolmogorov scales do. According to 
Kolmogorov’s second similarity hypothesis for high Reynolds numbers, the statistic 
motions of scale I in the range lo »  I »  Ik have a universal form that is determined 
by e and is independent of v. Kolmogorov’s energy dissipation energy theory is based 
on the assumption that at sufficiently high Re number the small scale (I «  lo) 
turbulent motions are statistically isotropic. This implies that even for anisotropic 
flows, at small length scales, the flow is locally isotropic. In general Kolmogorov 
theory implies that the energy contained in large scale eddies is transfered to smaller 
and smaller eddies and finally dissipates within the smallest eddies due to viscosity. 
This energy cascade is presented in picture 2.7 [113].
From Kolmogorov’s hypothesis applying dimension analysis the energy spectrum 
Et<K can be derived:
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Figure 2.7: Schematic of energy cascade, taken from [113].
E,.k = Ce2/3K.-b/3 (2.30)
Here k, is the wavenumber « =  2n/l. From the equation 2.30 it follows that 
Kolmogorov —5/3 spectrum applies only to inertial range. The bulk of the energy 
is in the largest scales, and the bulk of the dissipation is in small scales.
The length scale, which is located within the inertial subrange is called the Taylor 
microscale l\. The Taylor microscale l\ is defined by:
After some modifications the autocorrelation coefficient near the origin can be 
expressed as:
From the equation 2.32 follows that the intersection of osculating parabola with 
time r  axis is the Taylor scale l\. The Taylor scale definition graph is presented 
in Fig. 2.6. The measurement and calculation of l\ is complicated by experimental 
and data processing errors [115]. Calculating l\ it is important to correctly select 
maximum and minimum r  values in order to fit parabola. The practical method 
to calculate l\ is to plot autocorrelation coefficient versus lag time squared r 2. On 
such plot the parabolic behaviour for small lag time becomes a linear decay. The
(2.32)
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linear fitting curve is plotted for the data points. The slope of the fitting line gives 
the Taylor scale l\  [115].
The Taylor scale l\  is related to the dissipation rate:
6 =  1 5 ^  (2.33)
Therefore l\ can be computed using numerical calculations or experiments, hav­
ing dissipation rate t estimated from equation 2.25. In this text l\ has been calcu­
lated using the equation 2.33.
2.2.3 Turbulent flame stretch
According to Damkohler theory the increase in burning velocity is proportional to 
the increase in flame area St / S l =  A t /A l - Following this theory the changes in 
flame area are one of the most important factors affecting St - Flame stretch K* 
is a flame characteristic, which is defined as the relative change of flame area of 
an infinitesimal element on the surface with the boundary of this surface element 
moving tangentially along the surface [98]:
K '  =  j i  <2-34>
The flame stretch is responsible for the variation in St  for turbulent flames and 
S l for laminar flames. It consists of two different terms: flame curvature K c and
flame strain rate K s. Flame stretch effect due to curvature (with no strain) and
strain (with no curvature) is graphically represented in Fig. 2.8.
M O O  S t i  * 1 C
Figure 2.8: Flame stretch effect due to curvature and strain
31
CHAPTER 2. Theoretical background
In vector form the flame stretch K* can be defined [95]:
K* = K 3 + SdK c = V t -u + SdV t • u (2.35)
Here the term K s — V t-u is the divergence of the velocity vector, which represents 
the influence of flow nonuniformity along the flame surface. Therefore the script 
t for operator V refers to tangential component. Another term K c = Vt • n  is 
the divergence of unit vector normal to the flame surface, which is simply flame 
curvature. The expression iSjVt • u represents the flame stretch effect due to flame 
curvature. The flame curvature in three dimensional Cartesian coordinates space 
can be expressed as:
Kc = ~  +  2^ '36^
Here R\ and R 2 are the radii of curvature. For Bunsen laminar flames the flame 
stretch can be calculated using the equation [98]:
**  =  ~ U~ ^  (2.37)
This equation is valid assuming that the flame surface is a circular cone with 
the sharp apex. From the equation it follows tha t for a Bunsen burner flame the 
flame stretch varies with the flame radius R f. As its stretch rate is negative the 
flame suffers compression which increases with decreasing the flame radius R f. This 
compression tends to decrease S l  and S t -
2.2.4 Progress variable
When performing numerical turbulent flame computations and modeling different 
models are used. Most of these models are based on the variable which is expressed 
as reduced temperature:
T  — T
C = T j ^ f r  (2.38)
l b  ~  1 u
This reduced temperature is called progress variable c. For fresh unburnt gas 
c = 0, and for burnt gas c = 1. Experimentally the progress variable can be found by 
measuring temperatures in the flame and plotting the temperature isolines. Another
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method is take flame images then superimpose them so obtaining the averaged flame. 
The progress variables then can be calculated by processing averaged flame images. 
Progress variable can also be expressed as the reduced density.
2.2.5 F lam e brush thickness
Turbulent flame brush thickness St  is another important flame characteristic used in 
modeling. St  can be simply defined as the distance between progress variable value 
c = 0.1 and c = 0.9 [116] or the distance between c = 0.05 and c = 0.95 [78]. There 
has also been another similar definition of St  related with the density of burnt and 
unburnt gases [31], however as there are no unique definition the the measure of the 
distance between c =  0.05 and c =  0.95 is considered to be sufficient.
2.2.6 F lam e surface density
In wrinkled and corrugated flame regimes (generally called flamelets), the flame 
structure becomes distorted due to turbulent eddies’ interaction with the laminar 
flame front. Therefore it can be assumed that for the flamelets the laminar flame 
structure remains, although the flame front becomes more wrinkled. One of the 
proposed solutions to quantify the mean reaction rate was to define crossing fre­
quency of the flame front at a given location. This approach suggests that the mean 
reaction rate, w , could be calculated from the equation:
w = wcf c (2.39)
here, wc is reaction rate per flamelet crossing, and f c the crossing frequency. 
The idea of the theory is represented in Fig. 2.9. The fluctuating flame front crosses 
the marked point and the mean reaction rate is high. If the temperature were 
measured at a given point, the temperature fluctuation would be recorded. Having 
temperature signals the crossing frequency can be calculated. However moving to 
the right or to the left from the presented point the mean reaction rate w decreases. 
This simple observation leads to equation 2.39.
Another similar approach, which is also valid for the flamelets, is based on the 
flame surface density E. Flame surface density is the available flame surface area per
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Figure 2.9: Temperature signal measurement in turbulent flame
unit volume. The mean reaction rate therefore can be calculated from the equation:
w = PuS l IqE (2.40)
here / 0 is the stretch factor, which describes the stretch effect on the laminar
flame speed S l ■ The advantage of the flame surface density approach is that chem­
istry features, incorporated into S l , are separated from turbulent and combustion 
interaction 7oE.
Flame surface density can be determined using several different methods [83]. In 
the Bray-Moss-Libby model an algebraic expression for E is used:
E =  V  (av) = (2.41)
(Jy L/y
Here (oy) is the mean cosine angle of the instantaneous flame front with the c 
iso-surface, oy = coscx, and ny is the measure of the numbers of flamelet crossing 
per unit length along a constant c direction. Ly is the wrinkling length scale of the 
flame front, and g is a model constant. The explanation is presented in Fig. 2.10
Another statistical flame surface density definition is given by Pope [117]:
E = |Vc| 6 (c -  c*) = (|Vc| |c =  c*)p(c*) (2.42)
Here 6 (c) is the Dirac 6  function, (| Vc| |c =  c*) is the conditional average of | Vc|
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Instantaneous flame front
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Figure 2.10: BML model flame surface density definition, taken from [95].
for c — c* and p(c*) is the probability to find c =  c* at the given location.
2.2.7 Turbulent flame burning velocity
Turbulent flame burning velocity is probably one of the most important premixed 
turbulent flame characteristics. It has been investigated by many research groups for 
different fuels and different operating conditions [21, 23, 27-29, 39, 55, 108, 109, 118— 
121]. A comprehensive review of turbulent burning velocity experiments and various 
models was presented by Lipatnikov and Chomiak [31]. Driscoll in his review pa­
per [77] specifies several turbulent burning velocity definitions: global consumption 
speed, local consumption speed and local displacement speed. Consumption speed 
merely indicates the mass per second of reactants consumed, while the displacement 
speed is the measure of how rapidly the leading edge of the brush moves a certain 
distance [77]. In this work only consumption speed is investigated, because it is 
a typical quantity measured in Bunsen burners. This global consumption speed - 
turbulent burning velocity St  - is defined as:
S t  —
m R V
A (2.43)P R  • A
When performing the experiments practically the only undefined variable in the 
equation 2.43 is the flame front area, A. Therefore, in order to solve this equation,
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the main task is to find A.
Following the Damkohler theory laminar and turbulent burning velocities can be 
related:
t l - t l  ( 2 - 4 4 )
here A t is the surface area of wrinkled flame and A t is the cross sectional area 
(Fig. 2.11).
Flame area A
Area A l
Figure 2.11: Turbulent burning velocity by Damhohler.
Therefore if At  could be found and Sl calculated the St would be easily defined. 
This simplification is often used in experimental research. The turbulent combustion 
must be treated as a random process due to the turbulence, which is by itself a 
random process [96] effect on the flame. However for many practical turbulent 
flames in wrinkled and corrugated flamelet regimes a correlation between S i  and 
St  is assumed and various turbulent burning models are developed based on this 
assumption.
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2.3 Fluid properties and non-dim ensional num-
In combustion research many results may be obtained using dimensional analy­
sis. The relevant parameters can be used to construct non-dimensional numbers. 
Fluid properties, which are used in fluid mechanics, such as: density, viscosity, spe­
cific heat, thermal conductivity, thermal diffusivity, mass diffusivity, are important 
parameters in combustion research as well. Combining these properties and tur­
bulence parameters, such as: turbulence intensity, integral length scale, turbulence 
time scale etc., the very important non-dimensional numbers are obtained. The 
non-dimensional numbers have an important role, as these are often used to predict 
burning velocities and other combustion characteristics.
Correct definition of fluid properties and turbulence parameters allows the con­
struction of nondimensional numbers, which may be used for comparison of different 
flame regimes. The importance of quantifying molecular transport properties accu­
rately has been demonstrated elsewhere [31, 122]. Many of these fluid properties 
can be found in the reference books or calculated using available approximation 
equations. However there are still many uncertainties in defining some properties, 
especially for multi-component gases at higher temperatures and pressures.
In the next sections the short review of thermodynamical and transport fluid 
properties and nondimensional numbers, used in combustion research, will be pro­
vided.
2.3.1 Fluid  properties
Density and specific heat are fundamental fluid properties. These properties for 
different pressure and temperature conditions can be calculated using ideal gas law 
or found in the reference tables or in combustion textbooks [106, 123].
Fuel mixture density has been calculated using the statement of the ideal gas 
law:
bers
p (2.45)
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Specific heat of the mixture has been calculated using equation:
n
Cp,mix  ^  ^ (2 - 4 6 )
1
Viscosity and thermal conductivity data for the single gases may be found in the 
reference tables or computed. The calculation of these properties for the mixture is 
more complicated [123]. The mixture dynamic viscosity is calculated using formula:
Mmix — x L , (2-47)
1=1 1 +  x* Vij
£
Thermal conductivity can be calculated using the equation:
n A
^mix — y  i (2.48)i=1 l T X j  • 1.065(fiij
Here (f>ij is empirical coefficient for the viscosity and thermal conductivity calcu­
lated by the formula:
i /  i  /  \  —0.5 /  \  0.5 /  w  \  0.25”^ ^
1 / ,  . ^  \  1 + ( — ' ' 1
^  2s/2 V  + Mj
(2.49)
. M j  )  \  M i
Viscosity and thermal conductivity do not depend on pressure. However these 
properties are temperature dependent.
Mass diffusivity is an important gas characteristic, which is used to define Lewis 
number. Binary diffusion coefficients, which are used to calculate mixture diffusivity, 
can be found in the reference tables or computed using equations from kinetic gas 
theory. Finally the diffusion of the gas into the mixture of other components can be 
calculated using the Stefan equation:
A  =  (2.50)
Di j
According to the equation 2.50 only the diffusion coefficient of one gas into the 
mixture can be calculated, therefore it is important to choose the right gas. For 
lean mixtures the fuel gas is deficient, thus the diffusion coefficient into the air can 
be calculated. For rich mixtures the diffusion of oxygen into the mixture must be 
calculated, as the oxygen is the deficient gas. Sometimes, for simplification, gas or air 
diffusion coefficients into the nitrogen are taken, because nitrogen is the prevailing 
gas in the fuel air mixture.
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The equations for dynamic viscosity, thermal conductivity and diffusivity pre­
sented above are reasonably accurate, however if the accuracy higher than 10% is 
required the Chapman-Enskog theory must be referenced [123].
The final very important property, thermal diffusivity a , is calculated by the 
formula:
a
_X_
pCp (2.51)
This property depends on pressure and temperature and is used to define the 
Lewis and Karlovitz numbers.
Although the properties can be obtained from reference tables or computed, the 
main question remains. W hat temperature should be used? For instance estimation 
of Re number, based on kinematic viscosity v could produce different outputs, as 
v depends on dynamic viscosity /i and on density, which varies with temperature. 
Figure 2.12 represents the dependence of Re number on temperature at atmospheric 
pressure.
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Figure 2.12: Reynolds number dependence on temperature
As it is seen from Fig. 2.12 Re numbers varies considerably with presure.
Peters has proposed [97] to use an alternative way of calculating Re number,
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Re = q'l0 / 6 LSL. According to that v =  S lS l-  Veynante and Vervich [124] reported 
that the relation between thermal flame thickness Sl* the laminar unstretched flame 
speed S l  and the kinematic viscosity of reactants v is R ef — S lS l /v  ~  4, which 
means that the Reynolds number would differ by the factor of 4.
Peters claims [97] that such properties as specific heat capacity, Cp and thermal 
conductivity A should be calculated at the inner layer temperature To. The inner 
layer temperature does not depend on the preheating temperature and equivalence 
ratio, but it increases with increasing pressure [97, 125]. It has been reported that 
this temperature depends on the hydrogen content in the methane [51, 126] for 
C //4 — H 2 mixtures. The hydrogen decreases the inner layer temperature T0, be­
cause of the increase of the oxidation layer thickness due to increasing amount of i /2 
and CO  to be oxidised in the oxidation layer [126]. In this work inner layer thickness 
temperature calculations at elevated pressures have been performed using the max­
imum temperature gradient method with the GRI-Mech v3.0 kinetic mechanism. 
The temperature varied between 1400-1600 K.
ematically this statement is expressed as:
Re = ^ i  = Vl  (2.52)
fi V
The characteristic length, I is sometimes defined as the diameter of the pipe in 
fluid mechanics. However in turbulent combustion research this characteristic length 
could be the integral length scale lo, Taylor length scale l\ or Kolmogorov length 
scale Ik- Thus several different Re numbers can be defined using these length scales.
2.3.2 R eynolds number
Reynolds number is defined as the ratio of inertial forces and viscous forces. Math-
(2.53)
(2.54)
(2.55)
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The average velocity u in the equations above is replaced by root mean square 
velocity u ', which is one of the key parameters in turbulent flows. Reynolds number 
based on integral length scale Rei is an important characteristic, which indicates 
the flow regime. The Rei above unity shows tha t the flow is turbulent, while the 
laminar flow exists at Rei < 1.
Peters proposed to calculate Re for the turbulent flames using the equation:
^  u' S t /
R e ^ - - ^  (2.56)
h  VL
Reynolds numbers calculated using this equation are 5-7 times less compared 
with the equation 2.53.
2.3.3 D am kohler number
Damkohler number indicates the ratio of turbulent time scale rt and chemical time 
scale rc. This relationship of chemical reaction and turbulence gives information 
about the flame regime.
Da =  -  =  % ^ -  (2.57)
Tc U' 0 L
For the flame of Da > 1 the chemical reaction time is faster than turbulence, 
which means that turbulence cannot disturb the reaction zone. Almost all industrial 
flames are in this region. For the flames Da <  1 turbulence is faster than chemical 
reaction, therefore the products and reactants are rapidly mixing and the reaction 
zone breaks up.
2.3.4 K arlovitz num ber and stretch  factor
Another important parameter, nondimensional Karlovitz number, is linked with 
Damkohler number. Karlovitz number is the ratio of chemical time rc and the 
smallest Kolmogorov time scale, r^. It has many different definitions. Peters sug­
gested to define K a  number in the same manner as Da number using integral length
scale lo, laminar flame thickness 8 l ,  turbulence intensity u' and laminar flame speed
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(£)’"* p - 5 8 )
Driscoll proposed to use this Peters’ definition in order to avoid the ambiguities
that now exist [77]. In this work the Karlovitz number equation proposed by Driscoll 
[77] is mostly used. In his equation nitrogen thermal diffusivity a  =  0.15 cm2/s  at 
300 K is used. To simplify the equation thermal diffusivity a  of nitrogen can been 
replaced with the thermal diffusivity of gas mixture at the inner layer tempera­
ture, which is approximately equal to the average temperature of the products and 
reactants:
u' \ 15 SSlIo\ - ° - 5 ( (Tp  +  Tr) /2 \ D'5 _  ( u ' y f S Ll0
Ka= ^ J  [ i f )  \ 3 o o ~ J -U)  IHHd <*»)
If inner layer temperature is unknown thermal diffusivity a  can be calculated at 
1300-1500 K degrees. The variation of K a  due to temperature effect on a  is not 
significant. Care must be taken using this simplification, when calculating K a  for 
the conditions other then atmospheric.
Another Karlovitz number definition Ka$, which is based on reaction zone thick­
ness 8 r is often used in analysis of thin reaction zones and broken reaction zones 
flame regimes. In those regimes the flame inner structure is strongly distorted by 
turbulence motion. The reaction zone thickness, where the heat is released is much 
lower than laminar flame thickness 8 r ~  O.I^l [124]. Therefore Ka& is defined as:
<260>
This definition of Ka$ will be used in discussions about flame regimes.
Another representation of stretch effect is used by Bradley and co-workers [28, 
29]. The so called nondimensional Karlovitz stretch factor K  is often used in their 
work. Although these variables are closely related, the main difference concerns 
the length scale used to calculate these quantities. The Kolmogorov length scale, 
accounting the change of thermal diffusivity due to temperature effect, is used to 
define K a  number [77], and Taylor’s length scale is used for the determination of 
Karlovitz stretch factor K  [28, 127]. Karlovitz stretch factor is found from the 
equation:
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q' 6 1  K a
= Tx'si = m  ( }
In this paper both Karlovitz number K a  and Karlovitz stretch factor K  are used.
2.3.5 Zeldovich number
Zeldovich number measures the effects of the temperature sensitivity of the reaction 
[98]. It is defined as:
Ea(Tb -  r„ ) _  4(7* -  r . )
Ze -  — & v ? )  t w T  (2'62)
Here Ea is activation energy, which represents the minimum energy the colliding 
molecules must possess for the reaction to be possible [98]. For Tu « T 0 right hand 
side formula can be used. Zeldovich number is not constant and varies with the 
mixture composition and pressure as Tb is composition dependent and T0 is pressure 
dependent [97]. Zeldovich number can be perceived as fuel property which depends 
on pressure.
2.3.6 Lewis number
Lewis number is defined as the ratio of thermal diffusivity and mass diffusivity. 
This number expresses the property of the fluid and it is of great importance in 
combustion research.
L e = - ^ - = ( z 6 3 >&ij pCp^ij
Lewis number of a substance can be calculated by formula 2.63, however defining 
Le number for a mixture is not straightforward, as mass diffusion coefficients to 
multi-component mixtures should be evaluated. For single combustible gas and air 
mixture, Le number obtains different values for lean and rich mixtures. For rich 
mixtures oxygen is deficient reactant, therefore oxygen diffusion coefficient to the 
mixture, consisting of combustible gas and nitrogen is calculated. For lean mixtures 
the combustible gas is deficient reactant, thus gas diffusion coefficient to the multi- 
component mixture consisting of nitrogen and oxygen is calculated. Calculations are 
more complicated for the multi-component combustible gas mixtures, which consist 
of more than one gas. In this case effective Lewis number, Lee/ / ,  must be calculated.
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There have been several methods proposed to calculate Leeff .  Law et al. [46] has 
proposed to use the formula:
Leef{ = ! +  ft U « i - 1 )  f t  ( * * » - ! )  (2 64)
<7i +  <72
Here q\ and <72 are non dimensional heat release of gas, defined as = (QY^U) /  (CpTu). 
When qi = q2 the fuels Le numbers are weighted equally and Leef f  becomes equal 
to the average of two.
A similar representation of Leef f  has been proposed by Bechtold and Matalon 
[128]:
r (£ee -  1) + (Le«i — 1 )[1 + Z e($  — 1)] . .
Le ' f f  =  1 + --------------- 2 +  Z e ( * - l ) ---------------  (2'65)
Later Matalon [129] has modified the equation by introducing separate equations 
of Leef f  for lean conditions:
j _  Leo + (1 -  ^) LeF 
e/ /  — 2 _  <| (2.66)
and for rich mixtures:
w / = LeF+2V / )Le° <2-67)
Here ^  =  Ze (4> — 1).
The simplest equation for Lee/ f  has been proposed by Dinkelacker [130]. He 
argues that the effective Lewis number of the fuel, consisting of more than one gas, 
can be calculated using the formula:
1 x 1d 1 + x 1 d 1 = x l + x 1  ^ {2S8)
Leeff  ol ol Le\ Le 2
Here X \  and X 2 are the mole fraction of the gases, D\ and D 2 are diffusion 
coefficient of corresponding gas to the multi-component mixture, a  is the thermal 
diffusivity. In this work the effective Lewis number representation has been used.
2.3.7 M arkstein number
One of the most complicated nondimensional numbers is Markstein number. For the 
case of laminar flames Markstein number characterises thermodiffusive effects [77].
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The classical Markstein number is the physicochemical parameter that expresses the 
response of the local burning rate in laminar flamelets to perturbations induced by 
stretching [28]. A similar definition was propsed by Matalon, which defines Mark­
stein length as the measurement of the sensitivity of the flame speed to stretch [129]. 
The turbulent M a  number characterises variations in S t  under the influence of the 
global stretching of the whole turbulent flame by the mean flow [131]. As it has 
slightly different definitions for laminar and for turbulent flames, the Markstein 
number, obtained from laminar flames, cannot be directly used for turbulent flame 
research. There have been many investigations performed to quantify Markstein 
number for laminar flames [125, 128. 132-134]. However Markstein number cal­
culation for turbulent flames is not as simple as for laminar flame, because “of 
difficulties in determining the instantaneous propagation speed and stretch rate of a 
three-dimensional interface” [77], although several attem pts to apply laminar Mark­
stein numbers for the investigation of turbulent flames have been made [105, 135]. 
There are different M a  number definitions for unburnt gases and for burnt gases. 
Further only M a  numbers with respect to unburnt gases will be discussed. Mark­
stein number can be defined as M a — C /8 l ■ Markstein length C can be calculated 
performing laminar propagating flame experiments. There can be found several M a  
number definitions in the literature. Law [98] proposed to use a simple definition of 
Markstein number:
Ma=zi (h-1) ( 2 - 6 9 )
Clavin and William [136] presented equation to calculate M a  number for a two 
reactant mixture:
C 1 7 1 Ze L e - 1  1 - 7  77/(1_7) /n(l +  z) , ,0 _nX
Ma = — = - I n  +  — ----- -- ------ -  /  — ------- -dx  (2.70)
8l 7 1 — 7 2 7 Jo x
Here 7 =  (pu — Pb)/pu is, x  is dummy variable.
A more complicated equation for calculating M a  number has been proposed by 
Matalon [129]:
=  +  Z ^ - l )  r m in ( L z i . )  dt ( 2 .7 ! )
SL cr -  1 y, t 2(<T-1) J 1 t  \ t - l j  '
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Here o — pu/pb is thermal expansion parameter, A is dimensionless thermal 
conductivity of the mixture, depending on temperature, so that A =  A it) with 
t = T /T u.
2.4 Borghi-Peters diagram
In order to analyse premixed turbulent combustion flames, combustion diagrams 
are used to identify flame regimes. Several diagrams have been proposed to define 
regimes of turbulent combustion flames [97]. The Borghi-Peters diagram is often 
used for that purpose (Fig. 2.13). It should be mentioned though that this diagram 
is a “sketch map” of the combsution process without firm and fixed boundaries.
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Figure 2.13: Borghi-Peters diagram
Five different flame regions can be distinguished: laminar flames, flamelets 
regime, thin reaction zones and broken reaction zones.
In laminar flames regime fluctuations of turbulence intensity uf are small com­
pared with S l , and the lengthscales of the flame structures lo are smaller than 
laminar flame thickness 5l . In this regime Re based on Iq is below unity.
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The flamelet regime comprises wrinkled flamelet and corrugated flamelet regions. 
In wrinkled flamelet zone Re > 1, K a  < 1 and u ' / S l  < 1, therefore the flame retains 
the laminar flame structure. The u' is small, thus the flame front is only slightly 
wrinkled as it passes turbulent flow eddies. In corrugated flamelet zone Re > 1, 
K a  < 1 and u' / S l > 1- The u' values are higher than in wrinkled flame zone 
and than S l ■ Due to higher turbulence intensity the flame front becomes distorted, 
therefore pockets of burnt and unburnt mixtures start to form. The unburned areas 
burn out by themselves, separately from the main flame front.
Thin reaction zones, which is sometimes called reaction sheet regime, is of great 
importance in industrial application. In this regime Re > 1, K a > 1, Ka$ < 1 and 
u ' / S l  > 1- K a s  < 1 is Karlovitz number based on reaction zone thickness. In this 
regime the small eddies penetrate into the preheat zone and enhance the heat and 
the mass transfer, although for the large eddies the flame may behave as a flamelet.
In the broken reaction zones, which is sometimes called well stirred reactor regime 
Re > 1, K a s  > 1 and u ' / S l  > 1- Here Kolmogorov length scales are smaller than 
the reaction zone <5r, therefore the eddies can penetrate into the reaction zone and 
reduce flame temperature or even extinguish the flame. The reactions take place 
not in the flame front, but is separate space regions, i.e. the flow behaves like a well 
stirred reactor. This work discusses mainly the flames in the flamelet regime, i. e. 
wrinkled flamelet zone and corrugated flamlet zone.
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Experimental facilities
In this research programme different experimental conditions, methods, fuels and 
experimental rigs were used. Experiments at atmospheric conditions were performed 
in the Cardiff University combustion laboratory. Tests at elevated temperature and 
pressure were conducted in the Gas Turbine Research Centre (GTRC) of Cardiff 
University in Port Talbot. Three different rigs were used: atmospheric Bunsen 
burner, swirl burner and High Pressure Optical Combustor (HPOC). Four different 
research diagnostics were applied: Laser Doppler Anemometry (LDA), Planar Laser 
Tomography (PLT), Planar Laser Induced Fluorescence (PLIF) and flame imaging. 
The list of all testing conditions and methods used is presented in Table 3.1.
T able 3.1: Research programme experimental methods and conditions
Bunsen burner Swirl burner HPOC
Gas mixture 100% c h 4 100% c h 4 100% c h 4
70% C II4 - 30% H2 85% CH4 - 15% C 0 2 85% CH4 - 15% C 0 2
70% CH4 - 30% C 0 2 70% CH4 - 30% C 0 2
85% C H 4 - 15% H2 85% CH4 - 15% H2
70% C H 4 - 30% H2 70% CH4 - 30% H2
Pressure, bar 1 1 3 ,7
Temperature, K 293 293 473, 573, 673
Method LDA, PLIF Imaging LDA, PLT
In this chapter the description of experimental equipment is provided. Discus­
sions about the different research methods is presented in the next chapter.
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3.1 Elevated tem perature and pressure experim ents 
in GTRC
All elevated temperature and pressure experiments were conducted in the Gas Tur­
bine Research Centre of Cardiff University. This facility is located at E C M 2 in Port 
Talbot. It consists of two major combustion rigs each designed for detailed investi­
gation of combustion and emissions in gas turbines. The GTRC is equipped with a
2.2 MW air compressor, which supplies air to the testing rigs, a large scale 5 MW 
heat exchanger, which is used to preheat air, delivered to the testing rigs, to the 
required temperature. Compressor capacity is 5 kg/s, 16 bar. The GTRC consists 
of two test rigs: Sector Combustor Rig (SCR) and High Pressure Combustor Rig 
(HPCR).
The SCR is used for the internal pollutant mapping of gas turbine combustors. 
This rig provides a unique opportunity to perform online gas analysis of NOx, SOx, 
CO etc., traversing inside combustors - i.e. within the combustion zone, allowing 
the development of combustion phenomena understanding and providing data for 
the development and verification of mathematical models. The gas sampling probe 
can reach any point within the combustor across the full operating range. Various 
bespoke traversing probes can be used. Various fuels, such as: kerosene, diesel, 
biodiesel, natural gas etc. can be tested. Maximum operating pressure of the rig is 
10 bar, maximum operating temperature is 900 K, maximum supplied air inlet flow 
is 5 kg/s.
The HPCR rig is a multi-purpose combustion facility for fundamental research 
and development work for various fuels including kerosene, diesel, bio-diesels, natural 
gas, methane and a range of simulated synthesis gases. Maximum operating pres­
sure of the HPCR is 16 bar, maximum operating temperature is 900 K, maximum 
supplied air inlet flow is 5 kg/s. An extensive range of state-of-the-art measurement 
sections are available, some unique, each with different capabilities, all of which 
are predominately non-intrusive. The Combustion Instability Measurement Section 
(CIMS) can be used to measure flame dynamics using a unique in-line siren. The 
Auto-Ignition Measurement Section (AIMS) measures auto-ignition delay time for 
gaseous and liquid fuels. The Wall Cooling Measurement Section (WCMS) can be
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used for fundamental research on heat transfer. The Hot End Simulator (HES) is a 
facility that sits behind a combustor, mimicking the behaviour of a turbine section in 
a gas turbine. This component reduces the pressure and temperature of the exhaust 
gases by removing heat rather than work from the exit gases. Intermediate sampling 
points between the sub-stages can take gas samples for subsequent analysis. The 
High Pressure Optical Chamber section (HPOC) can be used for the measurement 
of burning velocity, flame flashback, using different non-intrusive laser techniques, 
such as: Laser Doppler Anemometry, Planar Laser Tomography Particle Image Ve- 
locimetry, Planar Laser Induced Fluorescence, Laser Induced Incandescence.
All tests at elevated temperature and pressure were performed in the High Pres­
sure Optical Chamber (HPOC) (Fig. 3.1). The HPOC consists of a horizontally 
mounted burner firing into an inner combustion chamber, enclosed within an opti­
cal pressure casing. The HPOC can operate with working pressures of up to 16 bar 
and inlet temperatures of up to 900 K. The pressure casing is a cylindrical geometry 
with four opposed quartz windows, affording excellent optical access (Fig. 3.1).
Gas supply
Preheater Turbulence plate
Outer shell window 
Burner Ignitor /  Combustion chamber
\  \ „ /   ^ / Perforated walls
Main air supply
~  . ~ir t  Seeded airCombustion air T
F igu re 3.1: Cross section o f the High Pressure Optical Chamber
The optical combustion section is connected to a compressor and heat exchanger, 
allowing combustion air to be preheated to required operating temperatures. The
50
CHAPTER 3. Experimental facilities
purgeThermocouple Window supplyWindow purge supply
Pilot flame outlet
Pilot gas supply Ignitor Pilot flame outlet Ignitor
F igu re 3.2: Detailed combustor geometry
inner combustion chamber is of rectangular form and has four internal quartz win­
dows which align with the outer casing, giving full optical access to the combustion 
chamber Fig. 3.2). The width and the height of the combustion chamber is 150 
mm. The inner combustion chamber is constructed from aero-grade stainless steel 
sheet allowing (if required) external cooling air to pass into the combustion cham­
ber, mimicking the behaviour of practical gas turbine combustors. The flame is 
thus confined to the combustion chamber. The internal windows are continuously 
purged with air during the tests to ensure they are kept clear of any deposits of seed. 
Extensive experience with the rig shows that the windows purge has little effect on 
measured values. A simple Bunsen type burner, diameter 25 mm, is fired into the 
combustion chamber. The burner is fitted with an annular pilot which supplies a 
methane diffusion flame to aid stability while adjusting the operating conditions. 
This pilot is switched off prior to making measurements.
The main burner is fed premixed fuel and air via a turbulence mixing plate, 
50 mm diameter, with 53 holes each of 1.5 mm diameter and blockage ratio 95% 
(Fig. 3.3). This creates uniform turbulence and aids in the mixing of the reac-
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tants. The fuel gas supply is connected to a mixing chamber upstream of this plate. 
Preheated air for combustion, which is seeded with aluminium oxide particles, is 
delivered through the preheater to the top of the mixing chamber of the burner.
The air supply for both the HPOC and 
burner is pressurised by the main facility 
compressor. Seeded air for combustion is 
delivered by an auxiliary compressor. Fuel 
gases are supplied from premixed cylinders.
The overall scheme for the rig is shown in 
Fig. 3.4.
Two different measurement techniques 
were applied. First, a non-intrusive 2-D 
laser diagnostic technique, Laser Doppler 
Anemometry (LDA), was utilised to de- 
termine both the velocity profile and tur- Fi«ure 3 3: Turbulence plate of High
, i u x. • x- x i l  -x r xu Pressure Optical Combustor riq.bulence characteristics at the exit or the r *
burner at elevated pressures and tempera­
tures (Fig. 3.5). A Dantec laser system was used for this purpose. Secondly, planar 
laser tomography was applied in order to measure the turbulent burning velocity 
for the different gas mixtures at a range of temperatures and pressures. Images of 
the flame front were recorded using a Photron APX-rs high speed camera mounted 
perpendicularly and synchronised with a pulsed (Nd:YAG) sheet laser. To ensure 
reliability for each test 1000 images were recorded at 10 Hz.
Aluminium oxide particles were used as seeding for Laser Doppler Anemometry 
and Planar Laser Tomography. The size of aluminium oxide particles was below 1 
/ i m .
The experiments were run and monitored from a remote control room. LDA and 
laser planar tomography systems were controlled from their own dedicated comput­
ers, and the facility was controlled from its own PLC system.
Experiments were conducted under elevated temperature and pressure condi­
tions. The pressure in the rig was created by the compressor. It was important to 
keep the pressure difference between inside and outside the combustion chamber as
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Control room
Preheated air supply
Main air supply
  Gas supply
  Seeded air supply
F igure 3.4: Experimental setup. 1 - Data acquisition and laser control system, 2 - LDA 
laser, 3 - LDA laser processor, 4 - LDA laser probe, 5 - Sheet laser controller, 6 - Sheet 
laser, 7 - High-speed digital camera, 8 - Data logger, 9 - Combustion air preheater, 10 - 
High pressure optical combustor.
High Pressure Optical Combustor
L. \  probe
F igu re 3.5: Laser system  set up in GTRC.
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low as possible. This was achieved by adjusting the air flow by a valve. In all cases 
during the experiment the wall loss, which is defined as the ratio of the pressure 
outside combustion chamber to that inside combustion chamber was below ±1%.
The gas heater was used to preheat air for combustion prior to supplying to the 
HPOC- The air mass flow rate for combustion varied between 2-24 g /s depending on 
the temperature, pressure and equivalence ratio of the gas mixture. Fuel, combustion 
air and seed air were measured simultaneously using suitably ranged Coriolis flow 
meters. All experimental conditions, such as: pressure, temperature, air flow and 
gas flow were recorded by a facility data acquisition system. Measured temperatures 
and pressures were reasonably steady with fluctuations not exceeding 5% and 3% of 
the nominal values for pressure and temperature respectively.
It was decided to perform tests at 3 bar and 7 bar (absolute) pressure, 473 K, 
573 K and 673 K temperature for the gas mixtures with equivalence ratio of around 
0 ~  0.6, 0.8,1,1.2,1.4,1.6. Therefore it was estimated to perform approximately 
180 tests for all gas mixtures: 100% methane, 85% methane - 15% carbon dioxide, 
70% methane - 30% carbon dioxide, 85% methane - 15% hydrogen, 70% methane - 
30% hydrogen.
During the tests, however, it was difficult to obtain stable flames at exactly 
the same equivalence ratio, therefore the equivalence ratio varied from test to test. 
Flame flashback and blow off frequently occurred, therefore a pilot flame was used 
as stabiliser, while adjusting necessary air and gas flow rates. The pilot flame was 
normally switched off during the imaging.
Laser Doppler Anemometry was conducted with air seeded with aluminium oxide 
particles at elevated temperature and pressure conditions. As LDA was conducted 
before the flame imaging, the real gas velocities at the Bunsen burner exit was not 
known.
3.2 Bunsen burner tests  at atmospheric condi­
tions
Turbulent burning velocity measurements using the Bunsen burner at atmospheric 
conditions were conducted in Cardiff University combustion laboratory. Laser Doppler
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Anemometry (LDA) and Planar Laser Induced Fluorescence (PLIF) were used.
LDA tests were undertaken to find out the velocity and turbulence intensity 
characteristics at isothermal conditions. Three different burner nozzles were used in 
LDA experiments. Nozzle drawings are presented in Fig. 3.6.
10 mm 15 mm 25 mm
E
Eco
CO
ID
CO
ID &COLD
CL
(a)
1.0 mm holes 1.5 mm holes
3.00 mi
1.00 mm
63 mm
1.50 mrrT- 
2.00 mm
63 mm
(b)
F igure 3.6: Bunsen burner nozzles and turbulence plates, a) nozzles; b) turbulence plates 
used fo r  LDA experiments
To create turbulence two different types of the turbulence plates were used with 
1.5 mm holes and with 1 mm holes (Fig. 3.6). Turbulence plates were placed at the 
burner exit between the burner and the nozzle. Nozzles were fixed to the burner 
using four bolts, which facilitated good access to the burner plates and fast burner 
nozzle replacement. Burner nozzles were designed to produce flat axial velocity 
profile. Comprehensive investigation of these nozzles can be found in [137].
Air for experiments was delivered from University pressurised air system. A 
pressure regulator was used to avoid pressure fluctuations in compressed air system. 
For LDA experiments aluminium oxide was used for seeding. Seeds were delivered 
to the burner by the air stream from the pressurised tank. For further investigation 
using PLIF, 25 mm diamter burner nozzles and a turbulence plate with 1.5 mm 
diamter holes were chosen. More details about the LDA results are provided in the
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next chapter.
During combustion experiments using PLIF the premixed gas cylinders: 100% 
methane, 85% methane - 15% hydrogen and 70% methane - 30% hydrogen delivered 
by BOC were used. Air was delivered from the compressed air network. The flow 
rate of the gas and air was measured using rotameters and adjusted by valves. The 
temperature during the experiments was below 20°C, thus the flow was corrected 
for temperature and gas density. For safety purposes a pilot flame was used to burn 
off unburnt gas. This pilot flame did not affect the experimental results as it was 
placed approximately 20 cm above the burner. The Bunsen burner rig system is 
shown in Fig. 3.7.
(a) (b)
Figure 3.7: Bunsen burner rig: a) Bunsen burner setup; b) 25 mm diameter burner 
nozzle.
For PLIF experiments the laser system consisting of dye tunable laser Quantel 
TDL 90 pumped by a pulsed Spectra-Physics Nd:YAG laser at 10 Hz was used. 
The second harmonic radiation (532 nm wavelength) from Nd:YAG laser was used 
for pumping the dye laser. The required wavelength was achieved via doubling of 
the fundamental frequency of the dye laser and using Rhodamine 590 dissolved in 
ethanol. The measured energy of the pumping laser was about 300 mJ. Typically 
around 12-15 mJ per pulse was obtained at around 283 nm. The wavelength was
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Laser sheet optics
Camera
Burner
Intensified
F igu re 3.8: P L IF  system  set up.
tuned to the 283.22 nm, which was estimated beforehand by using freely accesible 
software Lifbase ver. 2.0.63 [138]. The laser beam from the dye laser was converted 
into a sheet using Dantec laser sheet optics. The width of the laser sheet was around 
30 mm.
The receiving system consisted of the Dantec Hi Sense Mkll camera, intensifier 
with UV lense and Melles Griot UV filter with a center wavelength at 308.4 nm. 
Camera and intensifier were synchronised with laser pulses. The system was con­
trolled using Dantec DynamicStudio v2.30 software. To ensure reliability for each 
test 450 images were recorded at 10 Hz. The system setup is presented in Fig. 3.8.
3.3 Generic swirl burner experim ents
Flame stability and flashback experiments were conducted using the generic swirl 
burner designed and commissioned at Cardiff University. The burner was designed 
to produce premixed, non premixed and partially premixed flames. Only premixed 
combustion was considered in this programme. Air and fuel flows were measured 
simultaneously using suitably ranged Coriolis flow meters. The tests were conducted
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at atmospheric conditions.
The burner components are shown in Fig. 3.9.
Injector
Gas mixture supply
Swirler
(a) (b)
Swirler
Constraint
Air - gas mixture inlet
Injector
(c)
Figure 3.9: Generic swirl burner
Air/fuel gas mixture is supplied through a tangential inlet pipe into a plenum 
chamber, then via 4 tangential inlets into the swirl chamber forming the main part 
of the burner. The fuel injector, which is normally used for the non premixed and 
partially premixed flames, is not used in our experiments, but is left in place as being 
representative of industrial practice, where it might for instance be used for liquid 
fuel injection. Such a burner design normally produces a Central Recirculation Zone 
(CRZ), which plays an important role in flame stabilisation. The effect of CRZ is 
reduced by fitting a constraint in the nozzle (Fig. 3.9c), which also helps to reduce
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flashback.
Swirl burners and combustors are usually characterised by the degree of swirl or 
the so-called “swirl number” . The swirl number, S, is the variable non-dimensional 
number representing axial flux of angular momentum, Go, divided by axial flux of 
axial momentum, Gx, and equivalent nozzle radius Deq/ 2 [64]:
(31)
However, as the flow patterns in swirl burners are complicated, it is difficult to 
calculate a specific swirl number without simplification. The swirl number varies 
with the burner, because the axial and tangential flow rates change at different levels 
within the burner. It is hence generally impractical to use local values of the swirl 
number, since this would require detailed velocity, and pressure measurements. To 
determine a more practical and comparable value, various simplifications have been 
used, resulting in the geometric swirl number S * [65]. The S*, calculated based on 
the geometrical configurations, was 1.47 for the burner studied in this programme.
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Research methods and techniques
Three different laser techniques: Laser Doppler Anemometry (LDA), Planar Laser 
Tomography (PLT) and Planar Laser Induced Fluorescence (PLIF) were used in this 
research programme to analyse Bunsen burner flames at atmospheric and elevated 
temperature and pressure conditions. The flame imaging method was applied to 
perform flashback analysis in the swirl burner. LDA data were used to investigate 
Bunsen burner turbulence characteristics and velocities. Images obtained from PLT 
and PLIF were used to find burning velocities. In this chapter these methods are 
described and the advantages and uncertainties of using it in combustion research 
are emphasised.
4.1 Laser Doppler A nem om etry
LDA is relatively simple method permiting the researcher to quickly obtain necessary 
flow velocity data at various conditions. In this section a short introduction to LDA 
method and description of how this method have been utilised is presented.
4.1.1 Introduction  to  LD A
Laser Doppler Anemometry (LDA) is a single point optical measuring technique 
used to measure the velocity and turbulence distribution of the particles conveyed 
by air. The basic of LDA technique is the frequency shift of the light reflected from 
a moving body and received by a stationary detector. This phenomenon is known as 
Doppler effect. The first application of LDA was described in 1964 [139]. Progress
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has been made on many aspects of LDA since then, especially in signal processing 
systems. Therefore LDA became accessible and widely used tool in fluid mechanics 
for the research of laminar and turbulent flows.
An LDA probe emits the laser light, which has velocity c and frequency /*, 
but due to the particle movement, the seeding particle “sees” a different frequency 
/ s, which is scattered towards the probe. Prom the receiver’s point of view, the 
seeding particle acts as a moving transmitter, and the movement introduces an 
additional Doppler shift in the frequency of the light reaching the receiver. In 
practice this frequency change can only be measured directly for very high particle 
velocities, therefore often two laser beams are used. Then the light scattered from 
two intersecting laser beams is mixed and scattered towards the receiver. In this 
case slightly different frequencies of the beams are obtained. When two wave beams 
of slightly different frequency are superimposed, interference occurs, producing the 
beat frequency, also called Doppler frequency f&, which corresponds to the difference 
of two frequencies [140]. This Doppler frequency is directly proportional to the x 
component of the particle velocity:
"■-ssW * ( 4 ' 1 }
where \ w is known wave length, 0  is the angle between the incoming laser beams 
and fo  is Doppler frequency.
The fringe model is commonly used in LDA to explain the principle of velocity 
measurement. Two laser beams are directed through optical fibers to the probe. The 
focal length of the probe determines the size and position of the crossing point of 
the two beams. Lenses are used to guide the two laser beams into the measurement 
point where the beams cross. Thus the measurement volume formed by the laser 
beams is an ellipsoid. The crossing beams form interference fringes, so that there 
are high intensity planes of light and between them low intensity planes which are 
perpendicular to the laser beam plane. The spacing between the planes is determined 
by optical parameters of the setup, namely the laser light wavelength, and the angle 
between the beams. The flow is seeded with small particles, which can follow the 
turbulent motion of the fluid. When these particles pass by the measurement volume 
they scatter light. The intensity fluctuation of the scattered light depends on the
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Detector
Back scattered light Measurement volume
Signal intensity
Figure 4.1: LDA fringe model.
velocity of the particle (Fig. 4.1). The time dt can be easily measured and then the 
velocity of the particle can be calculated by dividing the traveled distance df by the 
time dt .
The important part of LDA technique is signal processing. The electronic sig­
nal sent out by the photodetector contains periods when there are no particles in 
the measurement volume, randomly interspersed with bursts of signal. The overall 
shape of the burst is a consequence of the fact that the laser beams producing the 
measurement volume will inevitably be stronger at their center than at their edges. 
As the particle passes through the edge of the measurement volume where the fringes 
are weakly illuminated the signal fluctuations are also weak. As the particle passes 
through the measurement volume centre the signal fluctuations become larger and 
then decay again. As a consequence the signal can be split into two parts - a low 
frequency part and a high frequency part that actually contains the Doppler signal. 
Modern signal processors use digital technology to analyze each burst and extract 
the frequency and thus velocity at that instant. The hardware has to be quite 
sophisticated because the frequencies are so high. Typically such processors have 
“burst-detection” circuits to tell them when there is a signal. They then digitize 
that signal and determine its frequency.
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Figure 4.2: LDA measurement setup.
4.1.2 LD A  m easurem ents at elevated  tem perature and pres­
sure conditions
In our experiments at elevated pressure and temperature four beams two velocity 
components backscattered LDA method was used. A Dantec laser system was used 
for this purpose. Two velocity and turbulence components: axial velocity u and 
radial velocity v were measured. The backscattering method had been chosen due 
to simpler system setup and data collection.
Dantec Dynamics BSA Flow version 4.11 software was used as a main tool to 
collect and process the data. The probe was attached to the traverse system, which 
was controlled by the main data acquisition computer. The axial and radial velocities 
were recorded for a range of exit velocities at ambient absolute pressures of 3 and 7 
bar and temperatures of 473 K to 673 K. The velocity of air flow preheated to the 
required temperature at elevated pressure seeded with aluminium oxide particles 
was measured 10 mm downstream of the burner exit across the burner axis on 
the centreline plane. The measurement position was moved across the burner by 
every 1 mm starting from one burner edge to another. Up to 5000 samples were 
collected at each position across the burner centre, radial position r =  —9...9 mm, 
at each condition. Due to the flow stream shape the seeding rate was lower at the 
edges of the burner, radial position r =  9... 13 mm. A schematic drawing of LDA 
measurement setup is presented in Fig. 4.2.
The data validation rate during the experiments was above 90% during all tests.
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The relative error was calculated for axial (u ) and radial (v) velocity components 
using the equation:
e =
uy/N
100% (4.2)
where e is relative error, u' axial (or radial v') RMS velocity and u is axial (or radial 
v ) mean velocity.
Calculated relative error did not reach 0.5% for the measurements in the centre of 
the burner and did not exceed 3% for the measurements at the edges of the burner.
Mean velocity and RMS velocity data were obtained directly using the BSA 
Flow software. Using these data the typical velocity profile across the burner can be 
plotted (Fig. 4.3). The axial and radial RMS velocity data were used to calculate 
turbulence intensity q/.
LDA1 -Mean [m/s)   —  LDA2-Me«n [m/*] — ■—  LDA1AMS |m /t)
Project: 3bar_473K_5ms - Pmc 10.00;0.00;-15.00 - D ate/T im e: 15:43:04
LDA2-RMS [m/s]
F igure 4.3: Axial and R M S velocity data presentation using BSA Flow software.
Integral length scale is an important flow characteristic, however it can not be 
measured directly using LDA. One of the methods to find the integral length scale 
is to use two-point LDA [115]. The integral length scale can then be calculated:
lo
- J
Pidn (4.3)
where pi is space autocorrelation coefficient and r\ is the distance between fixed and 
moving probe volumes.
Applying this method one LDA probe is fixed stationary in the required mea­
surement position and another probe is moved across or along the flow stream. This 
method allows to collect data simultaneously from two probes at two different lo­
cations for the full range of distances between these locations. Therefore the data 
collected at different space positions can be correlated and the integral length scale
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calculated using the equation 4.3 without major difficulties [141]. This was however 
an ambitious task and it was not possible to accomplish in our experiments.
For this reason one point LDA method was used in our experiments. To obtain 
integral time scale the “Correlation” option has been selected in BSA Flow package. 
The option allows to estimate autocorrelation function on the basis of the measured 
data. The autocorrelation coefficient p (r) is calculated using the equation:
p { T ) = m . = u ' ^ u ^ t + T ) (44)
PK } R ( 0) ( O 2 V J
where r  is the time lag, R  (0) is the correlation estimated at lag time zero, R  (r) 
is the estimated correlation.
The property “Correlation samples” , which determines the number of discrete 
lag times at which the autocorrelation function should be estimated, has been chosen 
to be 1024 samples. The value of property “Maximum lag-time”, which determines 
the largest lag-time at which the autocorrelation function should be estimated, has 
been set to 50 ms. To get reasonable results in turbulent flows the maximum lag 
time should be at least 10 times the integral time scale or even higher [140]. Several 
calculations have been made changing the lag time settings and it has been found 
that it had negligible effect for autocorrelation data results. All data were processed 
using the same settings. Finally the autocorrelation curves were plotted and the 
integral time scale r0 calculated using the equation:
To
poo
= /  p{ r ) d r  (4.5)
Jo
In Fig. 4.4 typical autocorrelation curves are presented, taken in the same spatial 
position at different pressure and temperature conditions.
In order to calculate the integral length scale lo, some simplifications must be 
made. It has been assumed that turbulence is convected with negligible change past 
the fixed measurement position at the constant average velocity. This assumption 
is called Taylor hypothesis, which assumes tha t because the turbulence has high 
power at large length scales, the advection contributed by the turbulent fluctuations 
themselves must be small, compared with the advection produced by the larger 
integral scales, therefore the advection of a field of turbulence at a fixed point can be 
taken as being due to larger, energy containing scales [142]. Although this “frozen
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Figure 4.4: Typical autocorrelation coefficient curves.
turbulence” hypothesis can be applied only for low relative turbulence intensity 
(u '/u  < <  1) flows [143], and according to some authors its validity for turbulent flows 
is questionable anyway [96], it has been used in many combustion investigations [17, 
88, 144]. If the “frozen turbulence” hypothesis is assumed the integral length scale 
lo is calculated from the integral time scale To using the equation:
l0 = u - r 0 (4.6)
It was assumed tha t the flow is statistically axi-symmetric, therefore radial and 
circumferential root mean square velocities are equal, thus the total turbulence in­
tensity q' can be calculated:
i  -  / E E H 3 T  ( 1 .7 )
Measured velocities and turbulence characteristics data of isothermal air flow at 
different conditions later have been used to  define velocities and turbulence param­
eters for every particular gas mixture.
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4.1.3 LD A  m easurem ents at atm ospheric conditions
LDA was used to measure velocity and turbulence characteristics at atmospheric 
conditions for the Bunsen burner. This was the first stage for the preparation for 
PLIF experiments.
Turbulence and velocity characteristics have to be investigated in order to obtain 
necessary data for further turbulent flame research. Three different Bunsen burner 
nozzles: 25 mm, 15 mm and 10 mm diameter, have been choosen for tests. In order to 
create turbulence several different turbulence plates were designed and tested. The 
turbulence plate with 1.5 mm holes, which created the most uniform turbulence 
intensity at the centre of the burner with 25 mm nozzle was later taken and used in 
the PLIF experiments (Fig. 3.6).
Due to the prevailing axial velocity component u one dimensional Dantec LDA 
system “Flow Lite” has been chosen. “FlowLite” is a low weight small size turnkey 
non-intrusive flow measurement system, which does not require adjustment. Due to 
its simplicity and reliability it was the best choice for performing experiments. The 
Dantec BSA Flow package was used for data processing.
Velocity characteristics were measured 5 mm downstream across the burner exit 
at the initial development region. Aluminium oxide particle were used for seeding 
the air flow. The tests were conducted for isothermal air flow. Typical “FlowLite” 
system settings were as follows: laser light wavelength - 532 nm, probe focal length 
- 160 mm, beam spacing - 38 mm, beam diameter - 1 mm, laser control volume - 
0.210x0.210x3.432 mm. 3000 data samples were collected at each point measuring 
across the burner. The data samples rate was lower at the edges of the burner.
It was important to obtain uniform axial velocity profiles, i. e. to obtain the 
flows in the potential core. This was ensured by using a contracting shape burner 
nozzle. The axial measured velocity normalised by axial velocity at the centre of the 
burner u /u c versus nondimensional radial burner measuring position r /d  is plotted 
in Fig. 4.5. The colors represent different nozzles: red - 10 mm nozzle, blue - 15 mm 
nozzle, green - 25 mm nozzle. The numbers in the legend key represent approximate 
flow exit velocity.
It is seen from the graph tha t an unusual shape of the velocity profile is observed. 
The velocity profile convexes towards the nozzle exit at the centre of the burner.
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F igure 4.5: Normalised velocity profiles with 1.5 m m  turbulence plate fo r  10 mm, 15 mm  
and 25 m m  nozzles. Colour coding: red - 1 0  m m  nozzle, blue - 1 5  m m  nozzle, green - 25 
m m  nozzle. Numbers in the legend represent gas exit velocity in m /s .
One of the explanations of this phenomena is the spherical contracting shape of the 
burner, and the wall effect upon the axial velocity profile. Measurements conducted 
for the same nozzles further downstream did not show this effect [137] and fully 
developed flows were observed as expected.
Further investigation of the nozzles revealed that almost uniform axial flow ve­
locity across the burner is obtained for exit velocities of up to 4.3 m /s for 10 mm 
nozzle, 3.8 m /s for 15 mm nozzle and 2 m /s for 25 mm nozzle (Fig. 4.6). This convex 
shape develops faster, i. e. at lower velocities, for larger nozzles, which implies that 
larger burners are more susceptible to wall effects on the velocity profile.
The RMS velocity profiles presented in Fig. 4.6 show large data scattering. For 
the 10 mm nozzle with 1.5 mm turbulence plate higher RMS velocities are observed 
at the centre of the burner, while for 25 mm higher magnitudes of v! are at the 
edges of the burner. RMS velocity is more uniform at the centre of the burner for 
larger nozzles, which implies that the nozzle diameter is an important factor for 
RMS velocity distribution across the burner.
To obtain more uniform profile of RMS velocities another turbulent plate with
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Figure 4.6: Bunsen burner velocity profiles with 1.5 m m  turbulence plate: a) axial velocity 
10 mm nozzle; b) R M S velocity 10 m m  nozzle; c) axial velocity 15 m m  nozzle; d) R M S  
velocity 15 m m  nozzle ; e) axial velocity 25 m m  nozzle; f )  R M S velocity 25 mm  nozzle. 
Numbers in legends represent gas exit velocity in  m /s .
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smaller holes diameter was designed. When designing this plate the purpose was 
to obtain equal distance between the holes. The tests with 1 mm holes diameter 
turbulent plate, 1.5 mm holes diameter turbulent plate and without turbulence plate 
were repeated and data compared. The results for 15 mm nozzle are presented in 
Fig. 4.7.
It is seen from the graph (Fig. 4.7) tha t different turbulent plates create different 
u' velocity distribution across the burner. In experiments without the turbulence 
plate highest u' values were observed at the centre of the burner. In experiments 
with 1 mm hole turbulence plate, the highest turbulence intensity was at the edges 
of the burner. W ith the larger turbulence plate (1.5 mm holes) the u' profile became 
non-uniform as in the case with no turbulence plate. Interestingly to note that for 
25 mm nozzle most uniform u' profile was observed with 1.5 mm holes turbulence 
plate (Fig. 4.6, f). The fact that with the turbulence plate with 1 mm holes created 
uniform u' profile for 15 mm nozzle at the centre of the burner, was later used to 
obtain the laminar flame. At very low flows this turbulence plate helped to obtain 
stable premixed flame, which was used for PLIF imaging (the details are discussed 
later in this chapter).
Using the Bunsen burner for investigation of St  it is important to create similiar 
turbulence intensity and mean flow velocity for all equivalence ratios. However in 
order to stabilise the flame on the Bunsen burner the exit velocity of gas mixture 
is often adjusted, which creates different turbulence intensities. This could be cir­
cumvented by using different turbulence plates or turbulence generation systems, 
however the design of static and dynamic turbulence generation system requires 
more investigation. Some interesting results were reported by the researchers, where 
different shaped holes high blockage ratio plates were investigated [145], but more 
effort is needed.
Other turbulent characteristics at atmospheric conditions were calculated using 
the same technique as at elevated tem perature and pressure conditions. The data 
processing was carried out using Dantec BSA Flow v4.11 software. The autocorre­
lation coefficient p (r) was calculated using the equation 4.4 and the integral time 
scale t 0 was found using 4.5.
The integral length scale l0 was computing using the equation 4.6, assuming that
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Figure 4.7: R M S velocity profiles fo r  15 m m  nozzle with different turbulence plates. 
Colour coding: red - without turbulence plate, blue - 1 m m  turbulence plate, green - 1 . 5  
mm  turbulence plate. Numbers in legends represent gas exit velocity in m /s .
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the field has uniform mean velocity and accepting Taylor’s hypothesis. Only axial 
velocity profile was measured therefore it was assumed that turbulence intensity 
q/ =  v! . For consistency q* will be used as the definition of turbulence intensity. 
Measured velocities and turbulence characteristics data of isothermal air flow at dif­
ferent conditions later have been used to define velocities and turbulence parameters 
for every particular gas mixture.
4.1.4 U ncertain ties of m easurem ents
The turbulence intensity, q', has been calculated from the data measured at the 
edges of the burner at atmospheric as well as elevated temperature and pressure 
conditions. The main reason to take measurements at the edge of the burner is that 
the flame front normally presents at the edges where the shear layer forms.
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Figure 4.8: Axial mean velocity measured for isothermal and burning jets. Black lines 
represent isothermal conditions, grey lines represent combustion conditions.
However high temperature affects the velocity field via its influence on turbu­
lence characteristics [95]. Flame and turbulence interaction change the turbulence 
characteristics. In order to test the influence of the flame on velocity fields, several 
experiments were performed using the Bunsen burner with fully developed turbu-
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F igure 4.9: Axial R M S  velocity measured fo r  isothermal and burning jets. Black lines 
represent isothermal conditions, grey lines represent combustion conditions.
lence at atmospheric conditions. Aluminium oxide particles were used for seeding air 
flow. The tests were conducted using Dantec LDA system ” Flow Lite” . LDA settings 
were as follows: laser light wavelength - 532 nm, probe focal length - 160 mm, beam 
spacing - 38 mm, beam diameter - 1 mm, laser control volume - 0.210x0.210x3.432 
mm. 3000 data samples were collected at each point measuring across the burner. 
Measurements were taken 5 mm downstream of the burner exit at different exit 
velocities under rich methane-air mixture conditions. The exit velocity in this com­
bustion test was the same as in the corresponding isothermal test facilitating a 
comparison of the respective velocity fields. The results are presented in Figs. 4.8 
and 4.9. Black lines represent isothermal conditions and gray lines represent com­
bustion conditions. In order to better visualize the difference in velocity fields, black 
dots have been used to indicate the position where the velocity lines separate.
From the Fig. 4.8 it is observed that axial mean velocity is almost identical at 
isothermal and combustion conditions in the centre of the burner. At the edges, 
where the flame front normally exists, the axial velocity at combustion conditions is 
higher. This is due to the temperature effect on the velocity field. The opposite effect
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is observed in Fig. 4.9. The RMS velocity is less stable at the centre of the burner 
with combustion conditions. At the edges of the burner the RMS velocity tends 
to increase at isothermal flows, however with combustion conditions RMS velocity 
fluctuates around the average value or even decreases. The black dots indicate 
where the two RMS velocity lines separate. Combustion dampens the turbulence 
intensity at the edges, which means that the flame becomes more laminar due to 
temperature effect. Similar findings has been reported by other researchers [88]. 
However, although the tem perature effect exists, the measurements of the turbulence 
characteristics under isothermal conditions are generally used [44, 88].
Thin reactions zone
Corugated flamelet 
regime
o  edge 
•  centre
Wrinkled flamelet regime
log(l0/dL) 10
Figure 4.10: Experiment results plotted in Borghi-Peters diagram
As turbulence intensity fluctuates across the burner the question arises of where 
the turbulence characteristics should be measured. The turbulence intensity mea­
sured at the edge of the burner differs from the measurements at the centre of the 
burner (Fig. 4.9). However, it is shown here tha t this difference has very little effect 
on the turbulent flame regime. The magnified Borghi-Peters diagram is plotted in 
Fig. 4.10. An empty mark represents data collected from the edge of the burner, 
and for each empty mark there is a corresponding black mark representing the data
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from the centre of the burner. Arrows represent the shift of data points due to the 
measuring position. Hence, data presented in Fig. 4.10 exist in pairs correspond­
ing to the same experimental conditions. It can be seen that the vast majority of 
experiments have been conducted in the corrugated flamelet regime. The reduced 
turbulence intensity has not changed the position of the data points - represented by 
the separation distance between data pairs - in the diagram considerably. Therefore 
it can be concluded tha t the measurement position of the turbulence intensity is not 
a decisive factor in determining the turbulent combustion regime. This, however, 
is not a case for integral length scales. We have not obtained integral length scale 
measurements at the edge of the burner in our experiments [41]. Therefore it is not 
possible to estimate the changes of the integral length scale due to the measurement 
position, and its corresponding effect on the turbulent combustion regime.
4.2 Planar Laser Tomography
With the development of laser diagnostic techniques many different methods, such 
as: coherent anti-Stokes Raman scattering (CARS), cavity ringdown spectroscopy 
(CRDS), laser induced breakdown spectroscopy (LIBS), laser induced fluorescence 
(LIF), laser induced incandescence (LII), laser Doppler anemometry (LDA), par­
ticle image velocimetry (PIV) and others have been developed and are constantly 
improving [146]. These methods are used for determination of different combustion 
parameters, such as: concentration, temperature, velocity, emissions etc., however 
the flame visualisation remains one of the im portant part of combustion research. 
One of the often used methods for flame visualisation is Planar Laser Tomography 
(PLT), which gives an opportunity to observe the cross section of laminar and tur­
bulent flames. This technique has been widely used for the investigations of laminar 
and turbulent flames using different combustion rigs [80, 104, 107, 144].
Several different methods have been utilised previously to identify the flame 
front of Bunsen type burner premixed turbulent flames. A popular approach to 
identify the average flame front is to superimpose raw flame images [17, 147] and 
calculate the threshold based on the ensemble average of the mean and maximum 
signal intensities [148].
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Another common technique is to binarize raw images using bimodal intensity 
histograms [149] or to define the image conversion threshold value using manual or 
automatic methods. These binary images are subsequently averaged. The burning 
velocity can then be calculated using the flame cone angle method [36] or by rotating 
the averaged image around its central axis [147]. Most of the methods found in the 
literature rely on flame averaging.
In this section the PLT method used in experiments is discussed and the im­
age processing techniques are presented. The flame front calculation methods are 
discussed and compared.
4.2.1 F lam e Im aging
The planar laser tomography technique used in this study is based on the observation 
that the density of the products is lower than tha t of the reactants. Consequently 
when the uniformly seeded reactants axe converted to products the seed density 
reduces and the scattered light intensity falls. As the flame thickness is small, a clear 
demarcation is generated between products and reactants which can be identified 
as the flame front.
First, all raw flame images are averaged (Fig. 4.11, a) using a bespoke Matlab 
script. Then a set of the background images (taken at the end of the test when the 
flame is no longer present) are averaged using the same image processing technique 
(Fig. 4.11, b). The average background image is then subtracted from the average 
flame front image (Fig. 4.11, c). The average flame front image is converted to the 
binary image using a defined threshold value (Fig. 4.11, d).
However, the “Averaged Flame Shape” method based on raw images is reliant 
on user interpretation of the results before defining the threshold value, which could 
introduce systematic errors. Also, it was observed that the flame front was very 
irregular in shape for all experiments independent of pressure and temperature. 
Hence this technique is considered unrepresentative for calculating the average flame 
front area from the average flame shape based on raw flame images.
As is seen from the image (Fig. 4.11, c), due to the different levels of light, the 
conversion from a grey scale image to the binary image could be misinterpreted. 
Although the threshold value can be selected manually or automatically, using an
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(a) (b) (c) (d)
Figure 4.11: “Averaged Flame Shape” method based on raw images, a) - averaged flame 
image, b) - averaged background image, c) - averaged flame image background subtracted, 
d) - converted binary image.
image processing technique, subjectivity cannot be eliminated. Hence a more robust 
method for calculating the area of the flame front was developed, the so called 
“Averaged Flame Area” method.
In this method, the area of each single flame image was calculated using Mat- 
lab. First, each individual image was filtered, using morphological image processing 
techniques and median filters, and the background subtracted. Subsequently the 
greyscale image is converted into a binary image using manually selected threshold 
values. Different threshold values are required for each test case, due to the variance 
of background noise and seed rates. After conversion of the grey scale images to 
the binary images (Fig. 4.12) the pixels of the flame area of every single image are 
counted and flame area calculated.
Flame area of each individual flame image is calculated using:
k
A = ^  (7r ■ nk • h • w) (4.8)
l
Here n - number of pixels; h - pixel height 0.353 mm; w* - pixel width 0.353 
mm, the pixel height and width were found by imaging a scale within the test 
section. To calculate the flame area each row of pixels within the image were then 
“rotated” around it own centreline axis. The side area of every cylinder made of 
pixels was calculated and summed. It was found by applying this method that there 
was substantial frame to frame variation in the surface area of the flames at a single 
operating point. In order to calculate the average turbulent burning velocity for
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Figure 4.12: Raw (top row) and processed binary (bottom row) methane - hydrogen 
mixture flame images
each condition the statistical software Minitab was applied. Using this approach it 
was possible to identify and reject all results which were outside the limit of two 
standard deviations. A new mean flame area could then be found and finally the 
turbulent burning velocity calculated.
The image processing of the images obtained using the Bunsen burner was carried 
out in order to calculate the turbulent burning velocity. Several different methods 
are utilised to identify the flame front of premixed turbulent flames [17, 147-149]. 
Most of these techniques rely on the averaging of the flame images. One of the 
biggest issues in image processing is the conversion of gray scale images into the 
binary images as the image intensity is variable. Some researchers suggest converting 
images applying a dynamic threshold technique, which selects variable threshold 
values depending on image intensity at different image areas [150].
In our investigation we used two different methods. The first image processing 
method was based on statistical data treatm ent of the set of images. Using this 
method every single gray scale image was converted to the binary image. At first all 
images were reviewed and unreadable images were deleted. The background images 
were subtracted from every single image, in order to avoid background noise. Then, 
using morphological image processing functions, which are as standard included in 
Matlab Image Processing Toolbox, the gray scale images were filtered. The threshold 
value was calculated and the gray scale images were converted to binary images. The
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binary images then were used to calculate the flame front area [41].
The second image processing method is a well established and widely used image 
averaging method. Using this method every single image was treated using the same 
image processing technique. Then all binary images were superimposed and the final 
image obtained. In such superimposed images the pixel count reached its highest 
value (which was equal to the number of binary images) in the areas where the 
flame was present in all images. In the areas where the flame is present in fewer 
images, obviously the pixel value was lower than the maximum possible value. In 
the patches where the flame was not present at all, the pixel values remained 0. 
Thus the average image was calculated by converting superimposed binary image 
to binary image, using the threshold value which was equal to half the number of 
all processed images. This technique allowed the production of the averaged image 
which represents the progress variable 0.5.
It was noted th a t using the binary image averaging technique, image conversion 
problems could be recognised easier than using a “statistical” method. When the 
final average binary images were processed, it was found that in some cases pixel 
values outside the flame region were equal to 1, although in reality it should have 
been zero, as the region was not in the flame zone. This can occur because of the 
large background noise due to large quantities of seeding passing into the combustion 
chamber (especially during methane tests). Aluminium oxide particles collected in 
the combustion chamber and created a background noise. Even after the subtraction 
of the background images the noise remained in the gray scale images and then cre­
ated unwanted spots in the final average binary image. The averaging technique was 
more reliable in comparison with the “statistical” method, as it helped to identify 
the areas which were “polluted” with seed.
The flame front area of every single image was calculated using the “statisti­
cal” method. Therefore in order to calculate the average flame front area for each 
condition the statistical data processing was carried out. Using this approach it 
was possible to identify and reject all results which were outside the limit of two 
standard deviations. A new mean flame area then was found and accepted as the 
representative value.
Only one flame front area value was obtained using “averaging” method. For
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both methods the same equation 4.8 was used to calculate the flame front area.
Each row of pixels within the image were “rotated” around it own centreline 
axis. The side area of every cylinder made of pixels was calculated and summed.
Finally having the flame front areas calculated, the burning velocity is computed 
by the equation 2.43. The mass flow rate rh is measured during experiments, and 
the density of the reactants pr is calculated from the experiment conditions. Flame 
front area A  is calculated using either “statistical” or “averaging” methods.
The comparison of two flame front area calculation methods for methane-carbon 
dioxide mixtures and methane - hydrogen mixtures are presented in Fig. 4.13 and 
Fig. 4.14 respectively.
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Figure 4.13: Comparison of methane and methane-carbon dioxide flame area calculation 
results obtained using different image processing methods.
The results show reasonably good agreement, though some degree of data scatter 
can be observed. The flame front area computed using the average binary image 
processing method, based on binary images is in most cases lower than obtained 
using “statistical” method, which means tha t the burning velocity calculated from 
equation 2.43 gives the higher results. The variation in calculated flame area between 
two methods is approximately 5%. Statistical non-parametric hypothesis test shows 
that there is no significant difference in these data sets. The single image processing
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F igu re  4 .14: Comparison o f m ethane and methane-hydrogen flam e area calculation re­
sults obtained using different image processing methods.
technique is supposed to be more reliable due to the fact that every single image 
is processed and statistical methods can be applied for the set of data. However 
this approach requires some assumptions to be made. One of the assumptions is 
that the flame area is evenly distributed around the axis. Processing images using 
different technique produces very similar results and both techniques could be used 
to calculate the flame front area for the flames in the flamelet regime. However the 
statistical method is not suitable to investigate such flame structure quantities as 
turbulent flame thickness and flame surface density. Therefore the data obtained 
using average binary image technique has been used for turbulent flame structure 
analysis and discussions (chapter 9).
4.2.2 Im age A nalysis
In previous section the sequence of the PLT process has been described. One of 
the most important part of the whole method is image analysis. In this section the 
image processing techniques using M atlab are discussed.
To process the images, M atlab Image Processing Toolbox (IPT) was used. IPT 
provides a comprehensive set of functions for digital image manipulation, analysis
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and processing. M atlab code has been written using functions included in IPT. 
During the image processing it was important to define the types of images in order 
to use appropriate treatm ent method and gain the necessary information from every 
type of images. Two types of images were used: intensity and binary images. An 
intensity image is a data  matrix containing the information of image pixel intensity, 
which is represented as integer value in the range of [0, 255]. These images are also 
called grey scale images. Image processing was conducted mostly with these grey 
scale images, because they contained useful information. However these images were 
not suitable for final data  processing therefore they were converted to binary images. 
Binary images are data  matrices containing only value 0 or 1. In order to define 
which image region must be converted to pixel values 1 and which must obtain value 
0 was the most im portant task. Improper image treatm ent could lead to large error. 
It was decided tha t in the binary image the area where the flame exists the pixels 
would have value 1 and others would be 0. The image size was 416 x 512, which 
means that image consisted of 456 pixel rows and 512 pixel columns.
The main disadvantage of using PLT technique is tha t seeding is required. Obvi­
ously seeding is necessary to distinguish the unburnt mixture zone from burnt gases, 
however it also creates additional problems, such as background noise. Background 
noise must be avoided as it could influence the results. One of the best methods to 
delete background noise is to use filters or to perform fundamental morphological 
operation, such us: dilation and erosion [151].
During every test 1000 images were collected. Some images were not suitable for 
image processing therefore they were deleted beforehand. Every single image of the 
experiment was treated using the same algorithm. After each test the background 
images of the combustion chamber were taken. These images were used during the 
image processing.
The progress of flame image processing is presented in Fig. 4.15. A single image 
of a methane flame is used. The raw image (Fig 4.15 a) contains a lot of useless 
information, which must be erased. Therefore the background image (Fig 4.15 b) 
is subtracted from the raw image and modified raw image is obtained (Fig 4.15 c). 
The erosion function is applied on the subtracted raw image. Erosion shrinks the 
object. To control the erosion function a special structuring element was used, which
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defined how erosion function should act. The eroded image was then reconstructed 
and eroded again (Fig 4.15 d). This procedure improved the image quality by 
filtering the noise and filling the holes which appeared due to the ignitors. However 
morphological image processing was not sufficient for some very “noisy” images. For 
that reason additional median type filter was used. The filtered image did not loose 
useful information (Fig 4.15 e), and a smoother image was obtained.
(d) (e) (f)
Figure 4.15: Flame image processing progress: a) raw image; b) background image; c) 
subtracted raw image; d) reconstructed image; e) filtered image, f)  binary image.
All processed grey scale images then had to be converted to binary image. Several 
problems may arise during the conversion. The main problem is the image intensity 
and selection of the threshold value. Grey scale images are normally converted 
to binary images by defining the threshold value, which defines which pixels must 
turn into 1 or 0. Threshold value must be selected or calculated carefully, as the 
results due to incorrectly chosen value can produce errors. For this purpose an 
automated threshold finding technique is often used [151]. However, in this work 
the manual threshold determination method was used, as the automated method 
produced unacceptable results. This happens due to uneven laser light and uneven
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seed distribution for different images. The manual method was more reliable as 
the exact demarcation line was visually recognised and verified. However for some 
images it produced the dark areas in the flame region where the laser sheet light 
intensity was lower. To circumvent tha t issue the mask for every set of images 
obtained during different tests was used. The purpose of this was to cover the areas 
where the flame definitely existed. Adding the mask and binary image the final 
binary image was obtained (Fig 4.15 f).
4.3 P lanar Laser Induced Fluorescence
In this section a more detail description of PLIF method is provided and the image 
processing techniques using this method are discussed.
4.3.1 In trod u ction  to  PLIF
Laser Induced Fluorescence (LIF) is a process when molecules or atoms are excited to 
higher electronic energy states via laser absorption and subsequently fluoresce. This 
laser spectroscopic method is widely used in combustion research for the qualitative 
and quantitative analysis of combustion species or for flame front identification. 
This method has many advanatges [152], such as:
- its application is straightforward;
- it produces 2D images which have much of useful information;
- short exposure times give sharp images;
- it can be used for many species which are importnt in combution research. 
However as every method, PLIF has several drawbacks [152], such as:
- difficult to choose the exitation and detection wavelengths;
- tunable dye lasers are complex in construction and difficult to operate;
- more interesting species have a very low concentration and are not easily de­
tected.
Despite all these disadvantages PLIF is still a very important tool used for flame 
front detection. For tha t reason PLIF is normally adjusted to excite OH radicals, 
which are good markers of the flame front. The OH radicals appear when the 
temperature increases to a certain value (Fig. 2.2). It occurs inside the reaction
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zone, therefore it is assumed that appearance of OH radical indicates the flame 
front. When reaction zone ends OH radicals concentration falls, although they 
spread all over the products zone which can be seen from the images.
Another possible flame front marker might be CH radicals, which have a very 
short lifetime, but which is found only in the region of the flame front and does not 
spread with the products. Experimental research of simultaneous OH and CH PLIF 
revealed tha t both these techniques produced very similiar results [150]. However CH 
detection is more complicated due to CH sensitivity to local equivalence ratio [150].
Detection of molecules or atoms in PLIF is dependent on excitation and detection 
wavelengths. These wavelengths must be carefully selected in order to conduct 
successful experiments. The laser sheet of particular wavelength illuminates the 
molecules or atoms (OH radicals in this case). Absorption of the laser light produces 
OH radicals in the excited state, i.e. with a lot of internal energy. OH radicals loose 
energy, but there are different mechanisms by which this decay in energy occurs. 
The main pathways of energy decay are represented in Fig. 4.16. Incident laser light 
is resonant with the transition between levels 1 and 2. Absorption of the photon 
excites molecule and transfers it energy from level 1 to 2. Excited molecule may loose 
energy by radiation (A in figure), nonradiative collision-induced decay (quenching 
Q in figure), dissociation (D) and chemical reaction (C) [153]. Only one lower state 
level 3 is indicated in Fig. 4.16.
fluorescence (A)excitation
Figure 4.16: Schematic energy level scheme in PLIF experiments. Reprinted from [153].
Strong light absorption leads to a strong fluorescence, therefore correct laser 
wavelength selection and suitable image capture system settings are crucial. There 
are several wavelength bands, which could be used for excitation of OH radicals. The
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excitation of around 283 nm wavelength and detection at around 310 nm wavelength 
scheme is often used as it provides good results [150, 152, 154].
4.3.2 Flam e im aging and im age processing
PLIF used in this study is based on the observation of OH radicals. OH radicals, 
which are produced by combustion are located outside the flame envelope. Laser 
light sheet tuned specifically to excite OH radicals is used. Some of these radicals 
absorbs the incident light and are promoted to higher electronic energy state and 
emit light (fluorescence). The light is caught by camera. In the region where are no 
OH radicals the light intensity is low, and in the area where are many OH radicals the 
light intensity is high. The reactants have no OH radicals, which start to appear in 
products, therefore a clear demarcation, generated between products and reactants, 
can be identified as the flame front, assuming that the flame thickness is very small. 
This technique has been widely used by researchers to investigate turbulent and 
laminar flames [44, 88-90, 120, 155-160].
It has been shown in previous sections that the flame area calculated from the 
averaged binary images and using statistical data treatment of single binary images 
has no significant difference [161], therefore the flame area calculated from averaged 
binary flames and the St  derived from it are used in further discussions.
Raw images taken using PLIF are presented in Fig. 4.17. It is seen that these 
images differs from the PLT images (Fig. 4.12), therefore a slightly different approach 
was used to process these images. The images obtained using PLT were more “noisy” 
and the background needed to be subtracted in order to alleviate unnecessary data 
appearing in the image. PLIF images did not contain unwanted details (such as
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(a) (b) (c)
(d) (e) (f)
Figure 4.18: PLIF flame image processing progress: a) raw image; b) filtered image; c) 
created background image; d) subtracted image; e) binary image, f)  averaged image.
ignitors in HPOC) and the images were less “noisy” although some graininess was 
observed. 450 images were taken for every test conditions for all fuels. The Matlab 
Image Processing Toolbox (IPT) was used to treat the images. The evolution of 
single image processing is presented in Fig. 4.18.
At first every single image was cropped in order to reduce the processing time. 
Then raw flame image (Fig. 4.18a) was filtered using the median filter in order to 
reduce the graininess (Fig. 4.18b). Then the averaging filter using a large mask size 
was applied, which created the background image (Fig. 4.18c). This background 
image accounted for the non-uniformity of the light intensity. Averaging filter func­
tion parameters were selected manually for every data set. These parameters were 
almost the same for all tests. Subtracting original filtered image (Fig. 4.18b) from 
the created background image the new subtracted image was obtained (Fig. 4.18d).
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The conversion of the subtracted image into the binary image (Fig. 4.18e) was 
conducted using additional masks to cover the areas of the image which the flame 
did not present (the top part of the image). Finally filtered and converted images 
were used for averaging. In such superimposed images the pixel count reached its 
highest value (which was equal to the number of binary image) in the areas where 
the flame was present in all images. In the areas where the flame is present in fewer 
images, obviously the pixel value was lower than the maximum possible value. In 
the patches where the flame was not present at all, the pixel values remained zero. 
Thus the average image was calculated by converting superimposed binary images 
to a binary image, using the threshold value which was equal to half the number of 
all processed images. This technique allowed the production of the averaged image 
(Fig. 4.18f), which represents the progress variable 0.5. For all test average images 
were used to calculate the flame front area. It was caluclated using the equation 4.8. 
In this case pixel height h and width w* was 0.079 mm.
4.3.3 C om parison  o f different burning velocity  calculation  
m eth od s
Processed binary images are used to calculate burning velocity. It has been shown 
in previous section tha t to calculate turbulent flame front area A  the equation 4.8 
needs to be used. It must be emphasised tha t laminar flames can be calculated 
using the same equation as well. The validity of this equation was tested against 
the well known flame cone angle method, which is widely used to calculate St  and 
SL [26, 36, 106].
For that reason the laminar flame at stoichiometric conditions was obtained 
using the 15 mm nozzle. The main reason to choose the 15 mm nozzle was that the 
laminar flame stabilisation was much easier and the flame length was not high, i. e. 
the flame was in the region covered by the PLIF laser sheet. 150 raw flame images 
were recorded. Using the flame cone method the flame cone half angle a  can be 
estimated (Fig. 4.19). For laminar flames the estimation of a  is not difficult as a 
sharp flame apex is usually observed. However for turbulent flames this procedure 
is much more dubious, as the flame cone has no sharp apex (Fig. 4.19, b). Every 
single image was treated using the same procedure as for turbulent flames described
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(a) (b)
F ig u re  4 .19: B urn ing  velocity calculation using the flam e cone method, a) averaged 
laminar flam e, 15 m m  burner nozzle; b) averaged turbulent flam e, 25 m m  burner nozzle.
above. Flame images were binarised and the average image obtained. Flame cone 
angle was measured and S l calculated from the equation:
S l — u • sina  (4-9)
where u is axial mean velocity of gas air mixture and a  is the flame cone half 
angle.
Average axial velocity during the test was u «  1.42 m /s and a  =  29.3/2. There­
fore the estimated S l = 0.359 m /s.
Using the equation 4.8 for the same binary flame image, the flame front area A  
and S l  (based on equation 2.43) were calculated. The computed value S l  = 0.363 
m /s was very close to the flame cone angle method result, therefore it implies that 
equation 4.8 provides a very good estimation of S l  and could be used for calculations. 
Based on these findings and taking into account that the flame cone method is 
ambiguous for turbulent flames it can be concluded tha t equations 4.8 and 2.43 are 
more accurate for calculation of S t -
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4.4 Sum m ary
Different research methods were presented in this chapter. Several different image 
processing techniques are derived: single image processing using statistical approach 
and averaged flame image data treatment. The comparison of two flame image pro­
cessing methods presented has shown that both methods have produced very similar 
results with an error of approximately 5%. Although statistical image processing 
method have been shown to be acceptable it can not be used for the determination 
of flame structure characteristics, such as: flame surface density and flame brush 
thickness.
Uncertainties in LDA measurements for isothermal and non-isothermal flows 
were discussed. Comparison of experiments of isothermal and non-isothermal veloc­
ity and turbulence intensity measurements was presented and combustion effects on 
the velocity field and turbulence intensity at the edges of the burner, where normally 
the flame front is located, was emphasised. The local axial velocity increases and 
the turbulence intensity is reduced due to the flame effect. Therefore for the Bunsen 
burner, velocity measurements under combustion conditions produce more reliable 
results at the edges of the burner than for isothermal measurements. This should 
be considered in future studies.
The importance of measuring position of the turbulence intensity and turbulent 
length scale was shown. Turbulence intensity measured at different burner radial 
positions across the burner at elevated tem perature and pressure conditions was 
found to be variable, however its effect on the general flame regime, defined in 
Borghi diagram, was shown to be small. In the vast majority of test cases, the 
flames was found to lie in the corrugated flamelet regime for both the centre and 
edge of the burner in the tests conducted in HPOC.
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Numerical calculation of laminar flames
The investigation of premixed laminar flames forms an important part of turbulent 
flame research. Many models developed for premixed turbulent flames rely on the 
data of laminar flames. Laminar flame speed Sl can be calculated using analytical or 
semi-analytical methods, when chemistry and transport are suitably simplified [95], 
however numerical solutions are most often used for more complicated chemical 
schemes. S l of laminar premixed flame is defined as the propagation velocity of a 
plane, undisturbed flame without heat loss and buoyancy effect [162]. It is difficult to 
produce such flames experimentally, however this definition is suitable for numerical 
calculations using detailed kinetic reaction schemes. As Sl is constant under specific 
pressure and tem perature it can be assumed as a gas property similar to density or 
viscosity.
In this chapter the results of the calculation of unstretched laminar burning 
velocity S l  and laminar flame thickness Sl for methane, methane - hydrogen and 
methane - carbon dioxide flames using the Chemkin-Pro software package is pre­
sented. Different chemical kinetic mechanisms are used in combustion research, 
therefore a short review of these mechanisms and their limitations is provided. The 
emphasis is made on methane and methane - hydrogen gas mixtures, because ki­
netic mechanisms produce different results with hydrogen addition. Carbon dioxide 
addition is not so critical as CO 2 is incombustible gas and is assumed to act as a 
ballast gas.
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5.1 Chem kin-Pro num erical tool
Unstretched laminar burning velocity of gas mixtures have been modelled using the 
Chemkin-Pro [111] software package. It consists of a set of different application 
models, which are used to solve various chemical kinetic problems. “Flame Speed 
Calculator” reactor model has been used to determine the laminar speed of one­
dimensional freely propagating flame. The Premix [110] code, developed by Sandia 
National Laboratories, has been used to run this model.
“Flame Speed Calculator” model with “Parameter Study Facility” option has 
been utilised to perform the numerical burning velocity calculations. The model 
simulates a freely propagating flame in which the point of reference is a fixed posi­
tion on the flame, thus the flame speed is defined as the velocity of unburned gas 
moving towards the flame. This model uses mixture averaged transport properties 
formulation. Equivalence ratio has been chosen as the variable parameter. A num­
ber of runs have been performed for different temperature and pressure conditions. 
The domain length of 10 cm has been specified and the grid of 200 points has been 
selected, which has facilitated faster convergence. Adaptive grid control parame­
ter based on gradient GRAD =  0.1 and adaptive grid control parameter based on 
curvature CURV =  0.1 have been selected. The initial grid based on temperature 
profile estimate has been specified. Mixture averaged transport correction velocity 
formalism, with automatic estimation of temperature profile options, has been used.
“Flame Speed Calculator” reactor model requires the set of gas phase kinetic 
data, species thermal properties data and species transport properties data to be 
chosen before calculation. There are many chemical kinetic mechanisms developed 
for combustion research. Different kinetic models should be used for different gas 
mixtures as no one mechanism can be considered as a universal model for all possible 
gas mixtures.
5.2 Chem ical kinetic m echanism s
There are many chemical kinetic mechanisms developed for numerical calculations. 
GRI-Mech [59] mechanism is often used in the combustion research of hydrocarbons. 
It considers 53 species and 325 elementary reactions. This mechanism has been
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developed to investigate methane and natural gas flames and has been validated 
at various pressure and temperature conditions. Various researchers have reported 
that this mechanism could also be suitable to some extent for bioinass gasification- 
derived producer gas [54], methane hydrogen mixtures [47, 56] and for hydrogen air 
mixtures [43, 58] at atmospheric conditions. However there have been significant 
discrepancies observed between experimental da ta  and nurnerical calculations using 
GRI-Mech kinetic mechanism for pure and diluted hydrogen at higher pressures [58, 
163].
Another well known kinetic mechanism, which has been developed by Univer­
sity of California in San Diego, is often used in combustion research- This kinetic 
mechanism considers 46 species and 235 elementary reactions. Lafay et al. [52] has 
utilised GRI-Mech and San Diego mechanisms to calculate flaine thickness. They 
have proved th a t these mechanisms are in good agreement with the experimental 
data at the atmospheric conditions a t equivalence ratio above 0-55.
The comparison of GRI-Mech v3.0 and San Diego kinetic mechanisms at elevated 
temperature and pressure conditions is presented in Fig. 5.1. GRl-Mech v3.0 and 
San Diego results are almost identical for the 70% methane and 30% hydrogen 
mixture. Significant discrepancies between these two models can be observed in the 
region of equivalence ratio below 1 and above 1.4, although in the region from 1 to 1.4 
GRI-Mech produces higher flame speed results. At higher hydrogen concentrations 
in the mixture GRI-Mech underpredicts flame speed. This supports similar findings 
of other researchers [58].
For pure hydrogen combustion several kinetic mechanisms have been recently 
developed. Konnov reviewed these models and presented updated chemical kinetic 
mechanisms [164]. Strohle and Myhrvold reported [58] that Li et al. [165] and 
O’Conaire et al. [163] chemical kinetics mechanisms for hydrogen provide more 
accurate results in comparison with experimental data at elevated pressures, whilst 
GRI-Mech underpredicts laminar flame speed considerably- They also showed that 
the San Diego [60] mechanism yields reasonable results for helium diluted high 
pressure hydrogen flames. Sarli and Benedetto [5] found that, the GRl-Mech kinetic 
mechanism, used in their simulation, underpredicted laminar burning velocity at 
high hydrogen content in the methane - hydrogen mixture-
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F igu re 5.1: L am inar f la m t speed calculated using Chemkin-Pro at 7 bar and 673 K. 
Numbers in  the legend key represent hydrogen am ount in the mixture.
The results of calculations using O ’Conaire et al. [163], San Diego and GRI-Mech 
v3.0 chemical kinetic mechanisms are presented in Fig. 5.2. The calculation have 
been performed at 7 bar 473 K and 673 K. The O’Conaire et al. mechanism has 
been developed to simulate the combustion of hydrogen and oxygen in a variety 
of combustion environments and over a wide range of temperatures, pressures and 
equivalence ratios. The O ’Conaire kinetic mechanism comprises of 8 species and 
19 elementary reactions. The temperature ranges from 298 to 2700 K, the pressure 
from 0.05 to 87 atmospheres, and the equivalence ratios from 0.2 to 6.
It is seen from Fig. 5.2 that GRI-Mech v3.0 mechanism underpredicts hydrogen 
flame speed in the region of equivalence ratio of up to 1 and above 1.5 in comparison 
with O ’Conaire mechanism. The San Diego mechanism predictions are more accu­
rate in comparison with GRI-Mech. The O ’Conaire mechanism predicts the highest 
flame speed.
Taking into account the above research it has been concluded that different 
mechanisms for different methane - hydrogen fuel mixtures should be used. The 
GRI-Mech mechanism has been used for methane - hydrogen with hydrogen content 
up to 50%, because it is believed th a t methane combustion kinetics prevail in the
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Figure 5.2: Hydrogen laminar flame speed computed using GRI-Mech, San Diego and 
O’Conaire mechanisms at at 7 bar and 473 K  and 7 bar and 673 K.
combustion process. The San Diego mechanism could be suitable for the investi­
gation of methane - hydrogen mixtures with the hydrogen content above 50% at 
elevated pressures, because it has been shown [58], tha t this mechanism predicts hy­
drogen laminar flame speed more accurately at elevated pressures. The O’Conaire at 
el. mechanism can be utilised for laminar flame speed calculation for pure hydrogen, 
as its accuracy has been supported by other reseachers [58, 163].
As the hydrogen content in the mixture is not high (up to 30% by volume) it 
is believed that methane combustion kinetics prevail in the combustion process. 
Therefore taking into account other work it has been decided to use GRI-Mech v3.0 
mechanism for all our methane - hydrogen mixtures at atmospheric and elevated 
temperature and pressure conditions.
5.3 Laminar burning velocity  m odelling results
5.3.1 Chem kin results
Laminar burning velocities S l of lean and rich methane - carbon dioxide mixtures 
and methane - hydrogen mixtures have been calculated using GRI-Mech v3.0 chem-
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ical kinetic mechanism at different pressures and temperatures. The results are pre­
sented in Figs. 5.3, 5.4 and 5.5. Marking in legend key “15-1-300” means methane 
and 15% gas mixture at 1 bar and 300 K conditions.
Higher carbon dioxide quantities in methane decreases laminar flame speed for 
all conditions. Temperature has an enhancing effect on S l,  however pressure reduces 
the flame speed. In general it is observed tha t temperature augmentation from 300 
K to 673 K at 1 bar pressure increases S l  by about 440% for 85%CH4 — 15%C02 
mixture and about 460% for 70%CH 4 -  8t)%C02 mixture at 4> =  1. Even higher 
augmentation of S l  by about 490% for 85%CH4 -  15% C 0 2 mixture and 510% for 
for 70%CH4 — S0 %CO2 mixture is observed at 3 bar pressure at (f> = 1 increasing 
temperature from 473 K to 673 K. Further increase of pressure up to 7 bar reveals 
the same trends. The augmentation of S l  measured at 300 K compared to 673 K at 
<t> = 1 aproaches 530-570% although the absolute values of S l  decreases compared 
to 3 bar. It implies tha t pressure affects S l  differently at ambient and elevated 
temperatures.
Higher hydrogen content in methane - hydrogen mixture increases S l - The 
results observed for methane - hydrogen mixtures resembles the results obtained 
from calculations of methane - carbon dioxide mixtures. Temperature increases S l 
and pressure reduces it. However for methane - hydrogen mixtures the effect of 
temperature increase from 300 K to 673 K was less pronounced at higher pressures. 
At 1 bar pressure the increase of Sl due to the tem perature augmentation was about 
425-435% at <j> = 1 for both mixtures. At 3 bar pressure the increase of Sl due to 
the temperature rise was about 480%, and at 7 bar pressure the increase of Sl due 
to the temperature rise was about 510-520% for both mixtures at <f> =  1. Although 
at higher pressure the temperature effect is more significant in terms of increase of 
Sl for both: methane - carbon dioxide and methane - hydrogen mixtures, aparently 
methane - hydrogen mixture is less susceptable to pressure effects.
The addition of noncombustible gas C 0 2 and highly flammable H2 to CH 4  has 
different effects on SL- Similar trends of the change of SL due to the temperature and 
pressure effect was observed. The interesting behaviour of methane - carbon dioxide 
mixtures was observed. W ith increasing carbon dioxide content in the methane, a 
larger difference of SL measured at 1 bar and 3 bar pressure due to temperature
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Figure 5.3: Laminar flam e speed calculated using GRI-Mech kinetic mechanism at 1 bar.
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Methane-carbon dioxide mixtures
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F igure 5.4: Laminar flam e speed calculated using GRI-Mech kinetic mechanism at 3  bar.
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Methane-carbon dioxide mixtures
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Figure 5.5: Laminar flam e speed calculated using GRI-Mech kinetic mechanism at 7 bar.
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augmentation from 300 K to 673 K was computed. Similar behaviour was observed 
for premixed turbulent methane - carbon dioxide flames [41].
5.3.2 Laminar flame speed  approxim ation
With the increasing interest in methane - hydrogen combustion the calculation of 
S l  of different methane - hydrogen mixtures at different temperatures and pressures 
becomes an important task. As numerical tools are not always accessible and ana­
lytical methods are quite complicated the simple approximation equations could be 
used to estimate S l  for different mixtures. A new approximation method, proposed 
by Shelil et al. [166], has been used to compute S l  for different methane - hydrogen 
mixture ratios and compared with Chemkin calculations. This method can be used 
to calculate the laminar burning velocity of the mixture, when the S l  of pure gases 
and mass fractions Y  are known. W ith S l  values of pure gases at required ambient 
conditions and equivalence ratio known, the equation below could be used for the 
stoichiometric and close to the stoichiometric mixtures:
S L ,m ix  =  Y h 2 S l ,H2 +  ( 1  —  Y h 2 ) S l ,CH 4 (5.1)
Here Y h 2 is the mass fraction of hydrogen in the mixture, S l ,h 2 and S l ,c h 4 are
the laminar burning velocities of hydrogen and methane of a particular equivalence 
ratio (j). The equation then gives the laminar burning velocity of methane - hydrogen 
mixture SL,mix for the same <f). For instance calculating the S l of 70% CH± -
30% H 2 at the stoichiometric mixture ratio ((f) — 1), the S l  of CH 4  and H 2 with
stoichiometric air - gas mixtures are used as an input in equation 5.1.
Similar approaches, which simplify the calculation of S l  for the gas mixture have 
been discussed elsewhere [5, 166], The comparison of Chemkin calculations and 
laminar burning velocity results for the mixtures obtained from the equation 5.1 
for different gas mixtures at <f> = 1 at 1 bar and 3 bar pressures and different 
temperatures is presented in Fig. 5.6.
It is seen from the graphs that the equation 5.1 predicts the S l  values fairly 
well especially for the mixtures with lower hydrogen quantities in the mixture (mole 
fraction X  < 0 .5) and lower pressure. For higher hydrogen quantities the difference
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F ig u re  5.6: Laminar burning velocity of stoichiometric mixtures obtained from Chemkin 
computations (C) and using equation 5.1 (E). 1-300 represents 1 bar 300 K conditions 
and 3-300 represents 3 bar 300 K conditions.
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Figure 5.7: Comparison of Sl results obtained from Chemkin (C) and calculated from 
the equation 5.1 (E) with experimental results of Hermanns [51] (H) and Ilbas et al. [48] 
(IL) at atmospheric conditions, 0 = 1 .
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is larger. At higher pressure (Fig. 5.6b) the calculated SL values computed using 
equation 5.1 are higher than the Chemkin predictions.
To compare the equation 5.1 predictions with experimental results the Her­
manns [51] data have been used. Hermanns [51] used a heat flux method to calculate 
the laminar burning velocities of methane - hydrogen mixtures with air. The compar­
ison of Chemkin prediction, calculation results using the equation 5.1 and Hermanns 
experiments are presented in Fig. 5.7a. It is seen from the graph tha t differences 
between experimental results and the results calculated from equation 5.1 are not 
significant.
To validate the equation for the higher hydrogen content mixtures the data of 
Ilbas et al. [48] has been used as a reference. The graph of experimental values [48] 
and calculations using equation 5.1 is presented in Fig. 5.7b. The experimental 
Sl values of 100% methane and 100% hydrogen has been taken as input values in 
equation 5.1. It is seen from the graph th a t the equation predicts Sl fairly well for 
low hydrogen content mixtures (X  < 0.5). For higher hydrogen content mixtures 
the difference between results is considerably larger. Therefore for transition (0.5 < 
X  < 0.9) and methane-inhibited hydrogen combustion zones (0.9 <  X  < 1), as 
defined by di Sarli and di Benedetto [5], more sophisticated formulae are rquired.
However the equation 5.1 is a useful tool for calculation of Sl for low hydrogen 
content methane - hydrogen mixtures at atmospheric and elevated temperature and 
pressure conditions [167].
5.4 Laminar flame thickness
One flame characteristic which is used in numerical calculations and the investigation 
turbulent flames is the laminar flame thickness. Different methods of calculating 
flame thickness have been reviewed in chapter 2. In this work the laminar flame 
thickness, also called thermal flame thickness, has been calculated using the classical 
approach of defining temperature gradient using equation 2.11. This thermal flame 
thickness is larger than the diffusive flame thickness, but it is normally accepted as 
the best definition [95].
To calculate flame thickness the temperature evolution over distance calculated
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using Chemkin-Pro was taken for every gas mixture at all conditions and equivalence 
ratios. Then the temperature gradient was calculated. From this the laminar flame 
thickness Sl was defined. The numerically calculated flame thickness values for 
different gas mixtures at different conditions are plotted in Fig. 5.8.
1.000
30H20.600
(a) 1 bar 293 K (b) 1 bar 473 K
CH4
15CQ2
30CO2
15H2
30H2
(c) 3 bar 293 K (d) 3 bar 473 K
Figure 5.8: Laminar flame thickness ate different ambient conditions.
It is seen in the graph that flame thickness depends on gaseous fuel mixture. 
These results match the experimental findings of Lafay et al. [52] for lean mixtures 
very well. The GRI-Mech v3.0 chemical kinetic mechanism used for calculations 
accurately predicted temperature evolution curve, from which the Sl was derived. 
It was observed in experiments [52] that hydrogen reduced 6 l ,  and good agreement 
between experimental values and numerical calculations was found for flames 4> >
0.55. Lafay et al. [52] in their investigation concluded that hydrogen enrichment 
leads to an increase of the maximum heat release rate, which enhances the rate 
of reaction whilst the heat release rate increases faster in the flame front at low 
temperature.
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For methane - carbon dioxide flames the opposite effect is observed. Carbon 
dioxide additions increases laminar flame thickness and reduces Sl- One of the 
explanations of such behaviour is the different thermal conductivity and heat capac­
ity of CO 2 compared with CH 4 , and consequently lower combustion temperature, 
which reduces S l - Simple analysis shows, tha t burning velocity S l  is proportional 
to laminar flame thickness 8 l  [98]:
SLP= ±  (5.2)
Therefore physical properties of the gas, such as: thermal conductivity A and 
specific heat Cp play an important role in defining S l  and 8 l-
It is seen from the Fig. 5.8b that temperature augmentation from 293 K to 473 K 
decreases 8l -  As supply gas mixture is warmer the preheating zone is reduced and 
chemical reactions start earlier and take place faster. Temperature and pressure 
influence S l  differently, i.e. temperature increases S l  and pressure reduces it, how­
ever laminar flame thickness Sl is reduced by tem perature and pressure (Fig. 5.8). 
This is because the laminar flame depends on reaction rate w and transport pro­
cesses A/cp [98], and these characteristics vary non-uniformly with changing ambient 
conditions, so changing flame residence time, defined as tr e 3  = Sl / S l -
5.5 Summary
Numerical tools and methods of calculation of laminar flame speed and laminar 
flame thickness have been presented in this chapter. Investigation of chemical kinetic 
mechanism used in numerical calculations has revealed uncertainties and limitations. 
Presssure and temperature effect on S l have been discussed and results presented. 
With increasing carbon dioxide content in the methane a larger difference of S l 
measured at 1 bar, 3 bar and 7 bar absolute pressure due to temperature increase 
from 300 K to 673 K has been observed in comparison with methane - hydrogen 
mixtures.
A laminar burning velocity calculation equation, based on the mass fraction of 
the gas which compose the mixture, for methane - hydrogen mixtures proposed 
by Shelil [166] has been investigated and compared with the experimental results
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and numerical calculations. The equation is reasonably accurate for low hydrogen 
content mixtures and could be used as a tool for practical calculations when S l 
of pure methane and hydrogen is known. For mixtures containing large hydrogen 
quantities (> 50%) more accurate equations should be developed.
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temperature and pressure
Due to the growing concerns regarding global warming an increased interest in using 
alternative fuels for gas turbines is observed [3]. Combustion conditions in gas tur­
bine are considerably different in comparison with industrial burners. Higher than 
atmospheric temperatures and pressures are im portant factors influencing combus­
tion characteristics.
In this experimental programme, five different gaseous fuels were tested over a 
range of pressures and temperatures. Approximately 20 data sets were generated 
for each gas mixture (by volume): 100% methane, 85% methane - 15 % carbon 
dioxide, 70% methane - 30 % carbon dioxide, 85% methane - 15% hydrogen and 
70% methane - 30% hydrogen were carried out for lean and rich mixtures from 0.65 
to 1.45 equivalence ratio at different pressures and temperatures (Table 6.1). The
Table 6.1: Investigated gas mixtures at elevated temperature and pressure conditions.
Gas mixture c h 4, % co2, % #2, % Pressure, bar Temperature, K
100 %CHa 100 0 0 3, 7 473, 673
85%Ctf4-15% C02 85 15 0 3 ,7 473, 673
70%CH4-30% C02 70 30 0 3 ,7 473, 673
85%C//4-15%//2 85 0 15 3 ,7 473, 673
7Q%CH4-30%H2 70 0 30 3 ,7 473, 673
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tests were performed in the High Pressure Optical Chamber, integrated within the 
High Pressure Combustion Rig, which is located at the Gas Turbine Research Centre 
(GTRC).
Two different measurement techniques were applied. A non-intrusive 2-D laser 
diagnostic technique, Laser Doppler Anemometry (LDA), was utilised to determine 
both the velocity profile and turbulence characteristics at the exit of the burner at 
elevated pressures and temperatures. PLT was applied in order to measure the tur­
bulent burning velocity for the different gas mixtures at a range of temperatures and 
pressures. More detail description of experimental facility is provided in chapter 3.
6.1 C alculation m ethod
General stoichiometric combustion reactions for methane, methane - carbon dioxide 
and methane - hydrogen gas mixtures, based on methane gas, can be written as 
follows:
CH 4  +  2 • ( 0 2 +  3.76 • N 2) = C 0 2 +  2 • H 20  +  2 • 3.76 • N 2 (6.1)
CH 4 +  a • C 0 2 2 • (0 2 +  3.76 * -/V2) =  { cl +  1) ■ C 0 2 +  2 • H20  +  2 • 3.76 • N 2 (6.2)
CH 4 +  b ■ H 2 + ( ^ 4 ^ )  • {0 2 + 3.76 • N2) = C 0 2  +  (b + 2) • H 20  + ( •  3.76 • JV2
(6.3)
Here a and b are the molar fraction ratios of additional gas in methane: a = 
X co 2 /X c h 4 and b = X h 2 /X c h 4-
Stoichiometric air fuel ratios (AFR) of methane, methane - carbon dioxide and 
methane - hydrogen mixtures are calculated:
A F R ™ ' = 2 • W o , + 3.76 • M n )
MCh4
A F R CH4-c °2 =  ^ ' (M>2 +  3.76 ■ M n2)
71 / f  _ i 71 _M ch 4 +  a • M Co2
(6.5)
-  { r \
The mass flow rate of gas mixture and air is measured and the equivalence ratio is 
calculated thus:
A F R st (a ^
0 =   -----7------  (6-7)
TYlair /  ^  fuel
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The tests were performed using a Bunsen type burner, thus, the tested flames 
were “envelope” category flames. This means tha t the flame forms an envelope 
around the reactants and all reactants must pass through the flame [91]. Thus the 
burning velocity is related to global consumption speed [85] and is calculated using 
equation 2.43.
It has been proposed tha t the consumption speed should be used to define the 
turbulent burning velocity [168] and th a t only flames within a particular category 
should be compared because the flame wrinkling process can be different for different 
flame types [77]. However in our study we compared “envelope” category flames as 
well as “spherical” type flames, due to the lack of research performed at elevated 
pressures and temperatures for the studied gas mixtures.
The exit velocity from the burner of the gas-air mixture is derived from the mass 
flow of combustion air, seed air and fuel flows, and displayed and logged simul­
taneously by the data  acquisition system. Density, viscosity, diffusion coefficients 
and other gas properties of the combustible mixture at the required temperature 
and pressure were calculated using polynomial fit coefficients available within the 
Chemkin database or taken from reference tables. Lewis number, defined as the 
ratio of thermal diffusivity of the mixture and mass diffusivity of deficient species, 
was calculated for all mixtures considered.
The Chemkin-Pro software and GRI-Mech v3.0 reaction mechanism were used 
to calculate laminar burning velocities and flame thicknesses for the various gas 
mixtures at different pressures, tem peratures and equivalence ratios. The laminar 
flame thickness calculation method was based on a classical approach of defining 
temperature gradient and agreed well with findings of Lafay et al. [52], who made 
hydrogen enriched methane-air flame thickness measurements. These results support 
the computational results obtained using the GRI-Mech v3.0 reaction mechanism 
for equivalence ratios above 0.55.
The LDA results were utilised to ensure th a t turbulence intensity and burner 
exit velocity profiles are uniform and to find integral time scales of turbulence. The 
description of LDA method is presented in chapter 4.
The PLT technique was used in this study to find ST. Detailed description of 
this method is presented in chapter 4.
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6.2 Isotherm al LDA R esu lts
Figures 6.1, 6.2 shows the variation of mean axial velocity and velocity fluctuations 
respectively with radial position for a range of exit velocities. The two vertical 
lines at radial position r = 12.5 mm and r = -12.5 mm represent the burner edges. 
Overall the results show tha t the axial velocity profiles are uniform, confirming the 
suitability of the burner for this study. Pressure has little effect on axial velocity 
and axial velocity fluctuations.
LDA measurements of the isothermal flow showed that, in agreement with oth­
ers [84], turbulence intensity is almost insensitive to variation in pressure and tem­
perature. Fig. 6.3 shows th a t the turbulence intensity q' measured at the burner 
radial position r  =  12 mm shows a dependence on bulk flow velocity. During the 
experiments bulk exit velocity varied between 4 to 16 m /s and thus turbulence inten­
sity values at different bulk flow velocities were interpolated from this correlation.
The evolution of relative turbulence intensity as a function of bulk flow velocity 
is represented in Fig. 6.4. The increase in relative turbulence intensity, q//u , at low 
bulk flow velocities is clearly seen from the graph.
Data obtained by LDA were used to derive one point temporal velocity correla­
tion and calculate the integral time scale and integral length scale of the turbulent 
isothermal flow at different pressures, tem peratures and bulk flow velocities. 1024 
correlation samples and a lag time r  =  100 ms were chosen to find autocorrelation 
coefficients. The integral time scale was found by integrating the autocorrelation 
function over time. The integral length scale was calculated using formula 4.6, based 
on Taylor’s hypothesis of isotropic turbulence. As this frozen-turbulence hypoth­
esis is a good approximation only if q '/u  «  1, the calculation of integral time 
scale should only be performed where the velocity fluctuation is relatively low [143]. 
Two point spatial velocity correlation should be carried out in order to calculate 
integral time scale where stronger turbulence prevails. Spatial and temporal corre­
lation agree well for low turbulence flows, whilst strong streamline development of 
turbulence invalidates the frozen-turbulence assumption of Taylor’s hypothesis [88].
Typical autocorrelation function curves are represented in Fig. 6.5. It was found 
that at 10 m /s bulk exit velocity a t 7 bar, 473 K and 673 K conditions, few data 
points around the centre of burner exit correlated, while others oscillated and did not
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Figure 6 . 1 : Axial mean velocity u  measured 10 m m  downstream burner exit at different 
bulk gas flow  velocities. Velocities indicated in  the legend represents bulk exit velocity at 3 
bar 473 K  (3-473), 7 bar 473 K  (7-473), 7 bar 473 K  (7-473) and 7 bar 673 K  (7-673).
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Figure 6.2: Axial RMS velocity u' measured 10 mm downstream burner exit at different 
bulk gas flow velocities. Velocities indicated in the legend represents bulk exit velocity at 3 
bar 473 K (3-473), 7 bar 473 K (7-473), 7 bar 473 K  (7-473) and 7 bar 673 K (7-673).
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Figure 6.3: Turbulence intensity, q[, measured at radial position r = 12 mm, depending 
on bulk gas flow velocity at different at different temperatures and pressures.
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Figure 6.4: The evolution of relative turbulence intensity, q'/u, depending on bulk gas 
flow velocity at different temperatures and pressures.
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Figure 6.5: Autocorrelation coefficient curves at burner radial position r = 3 mm for 
different gas flow velocities at 3 bar and 7 bar, 673 K.
cross zero or weakly correlated. The same behaviour was observed processing LDA 
data taken from the data points close to the burner rim (r «  12 mm). This could 
be due to increased normalized turbulence intensity (relative turbulence intensity) 
cf / u invalidating Taylor’s frozen-turbulence theory. This data for this condition is 
not typical.
Averaged integral length scale data obtained from autocorrelation coefficients 
measured at different burner radial position r  <  5 mm are presented in Fig. 6.6. 
Only correlated values have been used to process integral time scale and length scale. 
The data are consistent at 3 bar, 473 K conditions for all exit velocities. In this case 
the integral length scale lo is between 5 to 13 mm. At 3 bar 673 K the integral length 
scale increases up to 15 mm. At 7 bar pressure the integral length scale reduces to a 
maximum of 10 mm for all exit velocities except for the aforementioned 10 m /s exit 
velocity case. For the other exit velocities the increase in pressure reduces integral 
length scale slightly to 2.5 mm - 10 mm.
The differences in the integral length scale results appears to arise from a number 
of interacting factors. Although the mean axial velocity profiles follow well known 
similarity trends, this is not so with the turbulence (Fig. 6.4), which clearly shows
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Figure 6.6: Integral length scales measured 10 mm dowstream burner at the burner 
centerline exit
much higher levels of relative turbulence intensity at low bulk flow velocities with 
a somewhat weaker effect due to pressure and temperature. These results translate 
into the shown variation of integral length scale and seem to arise from variations 
in the jet potential core and the generated shear flow on its boundary. Reynolds 
number effects are clearly important, the lowest value being around 2400 (2 m/s, 3 
bar, 673 K), up to 58000 (10 m /s, 7 bar, 473 K), and do affect such jets in the lower 
Reynolds numbers ranges. Unfortunately for such measurements it is impossible to 
obtain higher Reynolds numbers without the use of very much larger throughput 
rigs allowing larger diameter jets to be used.
6.3 Turbulent burning velocity
This study has investigated a range of flames at elevated temperatures and pres­
sures. Laminar burning velocities, calculated using CHEMKIN, and Lewis numbers 
for different gas mixtures at different temperatures and pressures are presented in 
Table 6.2.
Only values close to the stoichiometric conditions are listed in order to show the 
variation trends of S l and Lewis number.
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Table 6.2: Experimental conditions and Sl results of 100% methane, methane - carbon 
dioxide and methane - hydrogen mixtures
ER
c h 4
S l Le ER
15 % C 0 2 
S l Le ER
30 % C 0 2 
S L Le ER
15 % H 2 
S l Le ER
30 % H2 
S l Le
3 bar 473 K
1.18 0.52 1.106 1.21 0.41 1.096 1.20 0.33 1.083 1.22 0.54 1.145 1.24 0.61 1.194
0.96 0.56 0.948 1.04 0.50 1.096 1.02 0.41 1.084 1.00 0.62 0.725 1.01 0.71 1.178
0.75 0.37 0.954 0.71 0.29 0.951 0.74 0.27 0.944 0.82 0.48 0.724 0.90 0.63 0.593
7 bar 473 K
1.20 0.32 1.106 1.39 0.14 1.096 1.18 0.21 1.083 1.23 0.32 1.145 1.23 0.40 1.193
1.01 0.39 1.105 1.20 0.26 1.096 0.99 0.27 0.935 1.06 0.42 1.139 0.99 0.48 0.596
0.78 0.24 0.953 0.81 0.25 0.948 0.76 0.18 0.944 0.86 0.34 0.724 0.85 0.39 0.592
3 bar 673 K
1.14 1.16 1.104 1.25 0.86 1.094 1.17 0.82 1.081 1.19 1.23 1.139 1.25 1.30 1.187
1.04 1.20 1.103 1.03 1.07 1.094 1.03 0.91 1.082 1.02 1.31 1.134 0.99 1.46 0.595
0.73 0.82 0.948 0.79 0.86 0.942 0.74 0.68 0.937 0.82 1.08 0.722 0.82 1.21 0.591
7 bar 673 K
- - - 1.19 0.67 1.094 1.20 0.52 1.081 1.22 0.81 1.140 1.22 0.93 1.186
- - - 1.04 0.76 1.094 1.01 0.63 1.082 1.03 0.94 1.134 1.01 1.03 1.172
- - - 0.77 0.56 0.942 0.78 0.50 0.936 0.79 0.69 0.722 - - -
For pure methane gas. the methane diffusion coefficient to the multi-component 
mixture consisting of nitrogen and oxygen was calculated for lean mixtures. For rich 
mixtures oxygen diffusion to the mixture was calculated. For methane carbon diox­
ide mixtures methane was taken as the deficient component for lean mixtures and 
oxygen for the rich ones. However for methane carbon dioxide mixture the methane 
diffusion to the three component mixture (nitrogen, oxygen, carbon dioxide) was 
assumed. For methane and hydrogen gases methane and hydrogen were deficient 
species for lean mixtures and oxygen was the deficient gas for the rich mixtures.
Lewis number of methane for all equivalence ratios was close to unity for the 
conditions considered. Lewis number decreased slightly with CO 2 addition compared 
with 100% methane. The most significant change in Lewis number are observed for 
methane hydrogen mixtures. Temperature and pressure had negligible effect on 
Lewis number.
To identify combustion regime, the flames studied under stoichiometric combus­
tion are plotted on the Borghi diagram (Fig. 6.7). Turbulence intensity (/, turbulent 
length scale Iq, obtained from our experiments (Figs. 6.3 and 6.6), and laminar flame
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Broken reaction zones
_ i
GO Thin reaction zones Ka = 1
CT
Re = 1
Corrugated flamelets
Laminar flames Wrinkled flamelets
Figure 6.7: Borghi - Peters diagram plotted on the logarithmic scale. Empty circles 
represent 3 bar ^73 K, full circles - 7 bar 473 K  conditions; CH4 gas, and CH4 — CO2 
and CH4 — H 2 mixtures.
thickness Sl , laminar burning velocity S l , obtained from Chemkin, have been used 
to calculate the data  points. The graph shows th a t all the flames are within the 
’corrugated flamelet regime’. This is consistent with the aims of the project as it was 
undesirable to produce flames located in different regions of the Borghi diagram, for 
instance higher tem peratures may well have moved the operating regime to that of 
’wrinkled flamelets’.
A pilot flame was required to stabilize the main flame for some cases of lean 
methane - carbon dioxide mixtures and with lean methane for all pressures and 
temperatures. This pilot was switched off before taking images. Methane - hydrogen 
mixtures stabilised easily for all conditions, and the pilot flame was not required. 
The methane - hydrogen flames were found to be much more stable. No significant 
change in flame shape was noticed when comparing methane, methane - carbon 
dioxide and methane - hydrogen mixtures, although increased wrinkledness of the 
methane - hydrogen flames was observed, as anticipated [22].
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6.3.1 Turbulent burning ve lo c ity  m easurem ents
Turbulent burning velocity dependence on the equivalence ratio of different gas 
mixtures are presented in Figs. 6.8, 6.9, 6.10 and 6.11. Methane data are presented 
in all graphs as a benchmark indicator. The turbulent burning velocity, ST, has been 
normalised by the methane turbulent burning velocity at <f> = 0.96, 3 bar and 473 
K, obtained in experiments. Trendlines are plotted through each data set. Only one 
test for each condition was conducted. The relative errors of the burning velocities, 
computed from the flame images, were below 1%, therefore the error bars were not 
determined. The graphs are grouped so tha t the dependence of St  on pressure (Figs. 
6.8 and 6.10) and tem perature (Figs. 6.9 and 6.11) can be shown. Normalised St  of 
methane and methane - carbon dioxide mixtures are presented in Figs. 6.8 and 6.9, 
and methane and methane - hydrogen mixtures in Figs. 6.10 and 6.11.
Turbulence intensity q' varied during the tests depending on the conditions and 
gas mixture. Average values of q7 are presented in the table 6.3.
Table 6.3: Variation of turbulence intensity q' depending on the test conditions and gas 
mixture.
C onditions g7, m /s  
CH*
g7, m /s  
15% C 02
g7, m /s  
30 % C 0 2
g', m /s  
15%i72
g7, m /s  
30 %H2
3 bar 473 K 0.8 0.8 0.7-0.8 0.7-0.9 1-1.1
3 bar 673 K 1.5 1.3-1.5 1.2-1.4 1.3-1.6 1.7-1.9
7 bar 473 K 0.8-0.9 0.8-0 .9 0.7-0.9 1-1.2 1.1-1.3
7 bar 673 K 1.6-1.7 1.4-1.5 0.9-1.2 1.6-1.7 2.4-2.6
The relative turbulence intensity q '/u  was almost constant for all tests at ap­
proximately 15-18%, independently of equivalence ratio. The variations of relative 
turbulence intensity are presented in Fig. 6.12 and discussed in the next section.
The peak of ST of methane is observed at 0 =  1 - 1.1 at all conditions. When 
the methane air mixture at 3 bar is preheated to 673 K the burning velocity rises 
by approximately 55-60% in comparison with the methane burning velocity at 473 
K at <j> = 1 (Fig. 6.8, a). For <j> = 1.2 the increase in ST is around 50%. At <f> = 0.8, 
70% increase in ST is observed at 3 bar pressure. The data consistently show that
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Methane and Methane - Carbon dioxide mixtures
 100CH4 3 bara - 473 K
bbm 100CH4 3 bara - 673 K
 85CH4-1 5COz 3 bara - 473 K
■ ■ ■ 85CH4-15C02 3 bara - 673 K
 70CH4-30C02 3 bara - 473 K
_  ■ 70CH -30CO, 3 bara - 673 K
2.2
1.8
••1.6
rd
E
o
Z 1.2
0 8
0 6
0.4
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Equivalence ratio
(a) 3 bar pressure
Methane and Methane - Carbon dioxide mixtures
1100CH4 7 bara - 473 K 
85CH4-15C02 7 bara - 673 K 
70CH4-30C02 7 bara - 473 K 
70CH -30CO, 7 bara - 673 K
2.2
1.8 *•
1.2
0.8
0 6
0 4 U '
1.20.8 0.90.7
Equivalence ratio
(b) 7 bar pressure
Figure 6 .8 : Normalised burning velocity o f m ethane and methane - carbon dioxide m ix­
tures at different pressures. Symbols: Q  - 3 bar 473 K, A  - 3 bar 673 K, □  - 7 bar 473 K, 
0 - 7  bar 673 K, blank - CH4, grey - 85%CH4 — 15%C02, black - 70%CH4 — 30%(7O2. 
Relative turbulent in tensity  values vary from  15% to 18%.
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temperature has a stronger effect on S t  for lean mixtures than for rich.
Increasing ambient pressure from 3 bar to 7 bar at 473 K reduces methane 
turbulent burning velocity by approximately 15-20% at 0 =  1 (Fig. 6.9, a). For the 
same tem perature at 0 — 1.2 the increase in St  is about 10%. Increased pressure 
has more influence for lean methane - air mixtures than is observed for rich ones.
The peaks of S t  of methane - carbon dioxide mixtures are observed at 0 = 1 - 
1.1 at all conditions. For the higher temperatures, the peak of S t  is slightly shifted 
to richer mixtures. Small amounts of carbon dioxide added to methane did not 
change the mixture burning velocity significantly at 3 bar 473 K across all equiv­
alence ratios (Fig. 6.8, a). The turbulent burning velocity of 85%CH4 — 15%C02 
mixture remained virtually unchanged at this condition. However a decrease in S t  
by approximately 20% is measured at 3 bar 673 K for 0 =  0.8 (Fig. 6.8, a) in com- 
parision with pure methane. S t  of 85%CH4 — 15%C02 for rich mixtures (0 > 1.1) 
at 3 bar 673 K are slightly higher than  S t  of pure methane. This implies that the 
temperature effect on CO 2 enriched methane is stronger than for pure methane for 
rich mixtures (0 >  1.1), whereas the converse holds for 0 < 0.8.
30% carbon dioxide content in methane reduced turbulent burning velocity. The 
burning velocity recorded for 70%CH4 — 30%CC>2 was approximately 20-25% lower 
than that measured for pure methane at 3 bar 473 K at 0 =  1 (Fig. 6.8, a). Temper­
ature increase had a larger influence for 70%CH4 — 30%CO2, where burning velocity 
increased by 100-110% at 3 bar pressure at 0 =  1. At 3 bar 473 K the difference 
of ST between methane and 70%CH 4 — 30% C 0 2 was higher than at 3 bar 673 K 
(Fig. 6.8, a), which supports the conclusion th a t the temperature effect on S t  is 
stronger for 70%CH 4  — 30%C'O2, and the tem perature effect rises with the increase 
of CO2 content in methane.
The tem perature increase raised the S t  of 85%CH4 — 15%C02 by 60-70% at 
3 bar pressure at 0 =  1 (Fig. 6.8, a). However an even larger increase of ST by 
70-80% was observed at 3 bar a t 0 =  1.2. At 7 bar 673 K, the burning velocity of 
85%CH4 -  15%C02 is slightly higher than  at 3 bar 673 K.
The ST of 70%CH4 -  30%CO2 a t 7 bar 673 K is lower than at 3 bar 673 K 
(Fig. 6.9, b). However the difference does not exceed 5% at 0 =  1.1. Thus, it can 
be concluded tha t there is a consistent trend for the effect of pressure on turbu­
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lent burning velocity of methane and methane carbon dioxide mixtures. This is 
supported by the findings of other researchers who have reported that increased 
pressure has little effect on the turbulent burning velocity of methane [147], and 
methane carbon dioxide mixtures [21].
Hydrogen addition to methane increased the turbulent burning rate considerably 
(Fig. 6.10). Hydrogen addition also improved flame stability. It was noted that sig­
nificantly leaner mixtures could be stabilised on the burner than was possible during 
the methane and methane - carbon dioxide experiments. Temperature increase also 
improved flame stability. These trends are expected, and similar to those reported 
by other researchers [19].
The peaks of S t  of methane - hydrogen mixtures are observed at <f> =  1 - 1.1 
at 473 K temperature, however the peaks are shifted to leaner mixtures at 673 K. 
15% hydrogen addition increased burning velocity by approximately 20% for 3 bar 
473 K at <f> — 1 in comparison with pure methane (Fig. 6.10). The increase of 
St  at 3 bar 673 K at 0  =  1 was about 40-45% in comparison with pure methane 
(Fig. 6.10, a). 30% hydrogen addition increased turbulent burning velocity by up 
to 45-50% at 3 bar 473 K at <j) = 1 (Fig. 6.10) in comparison with pure methane. 
A larger increase by 80-90% of St  was realised at 7 bar 473 K conditions at <fi —
1. The difference of St  between 85%C'//4 — 15%i/2 and 70%Cf/4 — 30%f/2 at 3 
bar and 7 bar 473 K was about 15-20% (Fig. 6.11, a), and about 25-30% at 3 bar 
and 7 bar 673 K for stoichiometric mixtures (Fig. 6.11, b). Therefore it implies 
that the augmentation of S t  of methane - hydrogen mixtures is more susceptible 
to temperature increase, than for pure methane a t stoichiometric conditions. The 
largest difference between burning velocity rates of methane and different methane 
hydrogen mixtures was found to be around stoichiometric combustion conditions. 
On the fuel-rich side the difference becomes smaller. These trends are generally 
consistent with those reported by Mandilas et al. [22].
The effect of pressure increase from 3 bar to 7 bar was very small on ST for 
85%CHa -  15% //2 at 473 K and 673 K at 0  =  1 (Fig. 6.11). For rich mixtures 
the pressure effect at the same tem peratures was negligible, however the effect was 
more significant for lean mixtures. The burning velocity of Sb%CH^ — 15%H2 at (/) 
= 0.8 increased by approximately 65% at 473 K, and by 40% at 673 K in comparison
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Methane and Methane - Hydrogen mixtures
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(a) 3 bar pressure
Methane and Methane - Hydrogen mixtures
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Figure 6.10: Normalised burning velocity o f m ethane and methane - hydrogen mixtures 
at different pressures. Symbols: O  - 3  bar 473 K , A  - 3 bar 673 K, □  - 7 bar 473 K, 0  - 
7 bar 673 K, blank - C H A, grey - 85% C H 4 -  15% H 2, black - 70%CH± -  30%H2. Relative 
turbulent in tensity values vary from  15% to 18%.
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Methane and Methane - Hydrogen mixtures
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Figure 6.11: Normalised burning velocity of methane and methane - hydrogen mixtures 
at different temperatures. Symbols: Q  - 3 bar 473 K, A - 3 bar 673 K, □ - 7 bar 473 
K, 0 - 7 bar 673 K, blank - CH*, grey - Sb%CH^ -  IbVoH^, black - ItfVoCHt -  30%i/2- 
Relative turbulent intensity values vary from 15% to 18%.
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with ST at 3 bar (Fig. 6.11). Similiar trends were observed for 70%CH4 -  30%H2 
mixture. The increase in pressure from 3 bar to 7 bar raised St  for lean mixtures 
at 473 K and 673 K ambient temperatures.
For all methane - hydrogen mixtures, at both 473 K and 673 K, the increase in 
burning velocity due to ambient pressure increase is appreciable for lean mixtures 
(Fig. 6.11), whereas the burning velocity of rich methane - hydrogen mixtures are 
similar for both pressures and temperatures. W hilst there are insufficient data points 
to be fully confident of these trends and more detailed investigation is required, 
variation in turbulent burning characteristics with equivalence ratio and pressure 
have been reported elsewhere [23, 53]. Variation in Markstein number and the 
influence of the preferential diffusion at different pressures and equivalence ratios 
are likely to play a significant role in explanation of such trends if consolidated by 
other experiments.
6.3.2 R ela tive turbu len ce in ten sity
Methane, methane - carbon dioxide and methane - hydrogen mixtures relative tur­
bulence intensities for different test conditions are plotted in Fig. 6.12. Relative 
turbulence intensity is represented as turbulence intensity normalised by mean ve­
locity, q'/u. Blank symbols in the graphs represent pure methane data points, grey 
symbols 85% methane - 15% additional gas mixture data points, and full black 
symbols 70% methane - 30% additional gas mixture data points. The graphs are 
presented to indicate the variation in turbulence characteristics during the experi­
ment. Different bulk gas exit velocity were used during the tests, thus giving some 
variation in absolute values of u, q/ and relative turbulence intensity.
Relative turbulence intensity remained broadly constant, at around 14-18%, for 
methane, 85%CH4 -  15% C02 and 70%CH4 -  30% C 02 for most test conditions 
(Fig. 6.12, a). For pure methane a t 7 bar 473 K, the relative turbulence intensity 
is slightly higher, at around 19%. Variable q '/u  is observed for 10%CH4  — 30%CO2 
also at 7 bar 473 K. Here q '/u  drops from 20% for lean mixtures to 18% for rich 
mixtures. This is due to the higher bulk exit velocity of the gas mixture required 
to stabilise rich mixtures during the experiments. For 1 0 %CH4 — 30%CO2 at 7 bar 
473 K at 4> = 0.76, very low bulk exit velocity at u = 3.5 m /s has been maintained
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Methane and Methane - Carbon dioxide mixtures
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Figure 6.12: Relative turbulence in tensity  o f m ethane , methane - carbon dioxide and 
methane - hydrogen m ixtures. Symbols: O  " $ bar ^13  K, A  - 3 bar 673 K, □  - 7 bar 
473 K, 0 - 7  bar 673 K, blank - C H 4, grey - 85% C H 4 -  15% C 02{H2), black - 70% CHA -  
30 % C 0 2{H2).
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to keep the slow burning gas flame stable. Thus the q'/u  increased to 20%. For 
methane 0 =  0.78 at the same condition the velocity u = 4.9 m /s was maintained, 
therefore q '/u  was lower. In general for all lean mixtures the velocity had to be 
slightly reduced in order to stabilise the flame.
Similar trends have been observed for 85%CH4-15% H 2 and 70%CH4-3 0 % C 0 2 
(Fig. 6.12, b). Relative turbulence intensity was constant in the majority of tests 
undertaken for methane - hydrogen mixtures. Only for 85%CH4 -  15%H2 at 3 bar 
473 K and 70%CH4 — 30%H2 at 7 bar 673 K are the variations significant. This is 
due to a very low gas mixture exit velocity of u = 2 m /s for 85%CH4 -  15%H2 at 0 
=  0.75, 3 bar 473 K being used, thus increasing the relative turbulence intensity. As 
for methane - carbon dioxide mixtures, generally the relative turbulence intensity 
was around 14-18%. At lower tem perature conditions q '/u  values are higher, because 
the exit velocity required for flame stabilisation was lower.
6.3.3 D ata  com parison  and correlation
The comparison of experimental results with the findings of other researchers and 
turbulent combustion models are discussed here.
Comparison of methane experiment results with the Peters’ [33] and Zimont’s et 
al. [32] correlations, and the data from Kobayashi et al. [36] and Filatyev et al. [85] 
is presented in Fig. 6.13. Griebel et al. [147] report th a t Peters’ and Zimont’s at al. 
correlations overpredict their data, where flames are within the thin reaction zone 
regime. Our results - within the corrugated flamelet regime, with Iq/8 l  in the range 
of 60-100 - are closer to the Peters’ correlation although, as for Griebel et al., they 
are also overpredicted by the Peters’ predictions. Correlations for Zimont et al. are 
plotted for elevated tem perature and pressure for different integral length scales Z0-
Kobayashi et al. [36] performed similar measurements for methane/air flames at 
elevated temperature and pressures. Consistent with the work reported here, the 
flames studied fell into the corrugated regime on the Borghi diagram making the 
results of Kobayashi et al. a useful comparison. As observed from Fig. 6.13, the 
turbulent and laminar burning velocity ratio recorded by Kobayashi et al. is higher 
than the current results. Their da ta  is also significantly under predicted by Peters’ 
correlation despite the fact it was seen to  over predict the measurements reported
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here, as well as those by Griebel et al. [147] and Filatyev et al. [85].
One possible explanation for these discrepancies could be the different interpre­
tation methods of processed flame images. Kobayashi et al. has calculated flame 
areas from contours obtained at progress variable value 0.1. This means that smaller 
flame areas have been derived and therefore higher burning velocities obtained, com­
pared to those obtained from progress variable value 0.5, which the author contends 
represents the averaged flame contour more accurately. The difference in image 
processing techniques employed may also account for some of the difference - here 
the single image processing technique is utilised, whereas Kobayashi et al. used the 
average image processing technique.
 Peters, lQ/8L = 1
—  Peters, lQ/SL = 10
 Peters, lQ/SL = 100
■ ■ .Zimont et al., 3 bara 473 K, lQ=7.5 mm
_  «Zimont et al., 3 bara 473 K, l0=5 mm
^_Z im ont et al., 3 bara 473 K, lQ=2.5 mm
□  Kobayashi et al., 5 bara 573 K, ER=1 
A  Filatyev et al., q'/U = 0.2^  m ean
F igure 6.13: Comparison o f m ethane turbulent and lam inar burning velocities ratio
St /S l  of these experiments with P eters [33] and Z im ont et al. [32] correlations at different 
lengthscale ratios lo/$L and different integral length scales Iq, and Kobayashi et al. [36] and 
Filatyev et al. [85] experiments data.
Another comparison with Filatyev et al. experiments [85] is presented in Fig. 6.13. 
Filatyev et al. have performed experiments in a slot type burner at 1 bar 296 K 
ambient conditions. The relative turbulence intensity in their experiment is 20%,
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Figure 6.14: Comparison of methane - carbon dioxide mixtures turbulent and laminar 
burning velocity ratio S t / S l  of these experiments with Kobayashi et al. [18] experiment 
data at elevated temperature and pressure. In Kobayashi et al. experiments CO2 was 
diluted in air, Z = X co 2 /{X air + Xcoi)-
which is very close to the conditions in this study. Filatyev et al. argue that tur­
bulent burning velocity depends on mean velocity u and burner width, or in other 
words on burner geometry. They also propose tha t Bunsen burner flames should 
display a nonlinear dependence ( “bending effect”). A slightly higher value of St / S l 
at 7 bar 473 K is observed in the graph. This observation could imply that pressure 
affects turbulent and laminar burning velocity ratio as indeed has been reported by 
other researchers [17, 36].
In Fig. 6.14 a comparison of the turbulent and laminar burning velocity ratio 
from this test programme and the Kobayashi et al. [18] findings are presented. The 
data of Kobayashi et al. for methane and methane carbon dioxide mixtures are 
consistently higher tha t the current experiments, with contributory reasons for these 
findings discussed earlier. The effects of carbon dioxide addition have been reported 
by Kobayashi et al. [18]. They found th a t the ratio of turbulent to laminar burning
1
□
I ----------r-------------1-------------
□  D
□
c P
i
□  Z = 0.1, Kobayashi et al., 5 bara 573 K 
A  15% C 0 2, 3 bara 473 K, ER=1.04
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|>  15% C 0 2, 7 bara 673 K, ER=1.04
A  30% C 0 2, 3 bara 473 K, ER=1.02
^  30% C 0 2, 3 bara 673 K, ER=1.03
^  30% C 0 2, 7 bara 473 K, ER=0.99
30% C 0 2, 7 bara 673 K, ER=1.01
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rate and mean fuel consumption rate decreased with increasing CO2 dilution ratio. A 
possible explanation is offered by the effect of increased Markstein length [18], which 
means that local burning velocity in the turbulent flame region decreases with local 
stretch due to turbulence. Another possible influence considered concerns variation 
of the smallest wrinkling scale of a C H ^/a ir/C O 2 flame, which was smaller than 
that of the flame with no CO 2 dilution.
co
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□
■
□
■ >  4
▲
□  10% H2, Shy et al., ER=0.8 
■  30% H2, Shy et al., ER=0.8 
A  15% H2, 3 bara 473 K, ER=0.82
Y  15% H2, 3 bara 673 K, ER=0.82 
<3 15% H2, 7 bara 473 K, ER=0.86
15% H2, 7 bara 673 K, ER=0.79 
A  30% H2, 3 bara 473 K, ER=0.77
Y  30% H2, 3 bara 673 K, ER=0.82 
^  30% H2, 7 bara 473 K, ER=0.85
q’/SL
F igu re 6 .15: M ethane - hydrogen m ixtures turbulent burning velocity comparison o f these 
experiments with Shy et al. [21] results. Turbulent burning velocity data normalised by 
laminar burning velocity.
The comparison of the methane - hydrogen results from this programme with 
those of Shy et al. [21] and Kido et al. [23] are presented in Figs. 6.15 and 6.16. 
Shy et al. performed their experiments a t atmospheric conditions and show that 
the trends for ST/ S L as a function of q '/S L are in reasonable agreement with ours 
(Fig. 6.15). The same trends are reported for pure hydrogen in the paper of Kitagawa 
et al. [53]. Figure 6.16 presents the turbulent burning velocity reported by Kido et 
al. (after normalizing the data  by the methane burning velocity at 3 bar 473 K at 
</> =  0.96). Kido’s et al. experiments were undertaken utilising propagating flames.
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F igu re  6 .16: M ethane - hydrogen m ixtures turbulent burning velocity comparison o f these 
experiments with K ido et al. [23]. K ido et al. results o f turbulent burning velocity are 
normalised by m ethane burning velocity at 3 bar J^73 K  at (f> = 0.96 obtained in our 
experiments.
The current data correlates well with their findings for q ’ less than 1. For higher 
q’ the differences are noticeable. This implies tha t both temperature and pressure 
have a strong effect on S t , and this effect arises from differences both in the type of 
flames and especially the turbulence characteristics of a propagating as opposed to 
that of a conical shape flame.
6.4 Conclusion
1. Investigations of turbulent burning velocity of gaseous alternative fuels at el­
evated pressure and tem perature have been undertaken in a new large-scale 
High Pressure Optical Combustor facility. Methane, methane - carbon dioxide 
and methane - hydrogen mixtures have been tested across a broad range of 
equivalence ratio with pressures up to  7 bar and inlet temperature up to 673
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K. All flames considered chosen have been in the corrugated flamelet regime, 
through appropriate choice of operating conditions.
2. An alternative analysis method for turbulent flame image processing and hence 
turbulent burning velocity calculation has been proposed and applied. The 
results have been assessed against other commonly used methodologies, and 
although the method proved to be reliable in this programme, further investi­
gation and refinement is ongoing.
3. Methane and methane - carbon dioxide mixtures turbulent burning velocity 
results have been compared with Peters’ and Zimont’s et al. correlations and 
recent data of Kobayashi et al. and Filatyev at al. The results show reasonable 
agreement with Peters’ predictions. However, the results show differences with 
the findings of Kobayashi et al., most likely due to data analysis differences, 
such as the selected value of progress variable.
4. Methane - hydrogen mixture results correlate well with recent data from Shy 
et al., who utilised the alternative propagating flame method for quantifying 
turbulent burning velocity, notwithstanding differences in pressure and tem­
perature between datasets.
5. These data quantify the reduction in turbulent burning rate induced by car­
bon dioxide addition to methane for a variety of equivalence ratios. Increase 
in initial ambient gas tem perature significantly increases turbulent burning 
velocity, while increase in ambient pressure induces a reduction. Methane and 
methane - carbon dioxide mixtures dem onstrate similar trends with respect to 
the influence of ambient conditions.
6. Hydrogen addition to methane has been found to considerably increase tur­
bulent burning velocity even for small volumes of hydrogen addition. For lean 
hydrogen-methane mixtures, an increase in temperature or pressure augments 
turbulent burning velocity, whereas the influence of ambient pressure is mini­
mal for rich mixtures.
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Despite the huge interest in gas turbine combustion at elevated temperature and 
pressure, fundamental knowledge of fuel combustion at atmospheric conditions is 
still essential. In most industrial processes combustion occurs at atmospheric condi­
tions, therefore the research into alternative fuels at these conditions is of primary 
importance, and serves as a basis of comparison for higher temperature and pressure 
results.
In this experimental programme, three different gaseous fuels: 100% methane, 
85% methane - 15% hydrogen and 70% methane - 30% hydrogen were tested at 
atmospheric conditions. Approximately 6 data  sets were generated for each gas 
mixture for 0.7 <  (f) < 1.1.
The tests were performed using a Bunsen burner. Two different measurement 
techniques were applied. LDA was used to determine the velocity profile and turbu­
lence characteristics at the exit of the burner for isothermal flows. PLIF was applied 
in order to measure the turbulent burning velocity S t - Images of the flame front 
were recorded using a camera with intensifier synchronised with a pulsed dye laser. 
Detail description of the experiment setup is presented in chapter 3.
Fuel and combustion air were measured simultaneously using rotameters. The 
flow measured with rotam eter was corrected depending on gas density variation. 
The measuring accuracy of rotam eters was 3%. Air flow and gas flow were kept 
constant by using pressure regulators during the tests.
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Calculations for equivalence ratios were performed using equations 6.4, 6.6, 6.7 
presented in chapter 6. The turbulent burning velocity was calculated using equa­
tion 2.43.
The exit velocity from the burner of the gas-air mixture was derived from the 
volume flow rate of combustion air and fuel flows. Density, viscosity, diffusion coef­
ficients and other gas properties of the combustible mixture were calculated using 
polynomial fit coefficients available within the Chemkin database or taken from 
reference tables.
The Chemkin-Pro software and GRTMech v3.0 reaction mechanism were used 
to calculate laminar burning velocities and flame thicknesses for the various gas 
mixtures at different equivalence ratios. The laminar flame thickness calculation 
method was based on a classical approach of defining temperature gradient.
The LDA results were utilised to  ensure th a t turbulence intensity and burner 
exit velocity profiles are uniform and to find integral time scales of turbulence. 
A description of LDA, PLIF and flame image processing methods is presented in 
chapter 4.
7.1 Isotherm al LDA R esu lts
Figure 7.1 shows the variation of mean axial velocity and velocity fluctuations re­
spectively with radial position for a range of exit velocities. The burner edges are 
at the positions r =  0 m m  and r = 25 m m . The results show that the axial velocity 
profiles are uniform for low gas exit velocities. For higher exit velocities the velocity 
profile becomes convex towards the burner. In the experiments the gas flow did not 
exceed 2 m /s exit velocity, therefore for it can be assumed that the velocity profile 
was flat during all experiments. This confirms the suitability of the burner for the 
study.
It is seen from the graph (Fig. 7.1, b) th a t v! velocity is almost constant at the 
centre of the burner at low exit velocity. At larger exit velocities (4.9 m/s) larger 
inconsistency of u' are observed at the centre of the burner.
Using LDA, 3000 samples were collected a t each position across the centre of the 
burner (radial position r = 4 -£- 21 mm) at each condition. Due to the flow stream
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Figure 7.1: Axial mean velocity u and axial RMS velocity u' measured 5 mm downstream 
burner exit at different bulk gas flow velocities at atmospheric conditions.
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shape the seeding rate was somewhat lower at the edges of the burner (r =  0 -f- 4 mm 
and r =  21 -f- 25 mm). The relative error did not reach 0.5% for the measurements 
in the centre of the burner and did not exceed 3% for the measurements at the edges 
of the burner. The data  validation rate was above 95% during all tests.
In Fig. 7.2 the turbulence intensity q' measured at the burner edge (radial posi­
tion r  =  21—25 m m ) and at the centre of the burner (radial position r  =  10-15 m m ) 
shows a dependence on bulk flow velocity. It is seen that the difference of q' at dif­
ferent positions at low velocities is negligible. However at higher gas exit velocities 
the difference is higher due to the shear layer effect. During the experiments bulk 
exit velocity did not reach 2 m /s, therefore for consistency with elevated conditions 
data q' measured at the edge of the burner was used for calculations. Turbulence in­
tensity values at different bulk flow velocities were obtained from polynomial fitting 
correlation.
•  Edge
•  Centre
0.9
y = 0.0201 x2 + 0.0696x
0.8
0.5
§ 0.4 
3 0.3
0.2
0.1
Bulk gas velocity, m/s
Figure 7.2: Turbulence intensity q' measured at different burner positions, depending on 
bulk gas flow velocity at atmospheric conditions.
The evolution of relative turbulence intensity (q '/u ) as a function of bulk flow 
velocity is represented in Fig. 7.3. The measurements taken at the burner edge 
and at the centre show slightly different results. Relative turbulence intensity is 
increasing when gas exit velocity increases at the edge of the burner. At the centre 
of the burner q '/u  remains almost constant. In both cases q'/u  did not exceed 15%
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during the experiments for exit velocity up to 2 m/s.
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Figure 7.3: The evolution of relative turbulence intensity, q'/u, depending on bulk gas 
flow velocity at atmospheric conditions.
Data obtained by LDA were used for velocity correlation and calculate the in­
tegral time scale and integral length scale of the turbulent isothermal flow. 1024 
correlation samples and a lag time r  =  50 ms were chosen to find autocorrelation 
coefficients. Sensitivity analysis showed that reducing the lag time r  from 100 ms 
to 50 ms did not affect final results significantly. The integral time scale was found 
by integrating the autocorrelation function over time. The integral length scale was 
calculated using formula 2.20, based on Taylor’s hypothesis of isotropic turbulence.
As in the case for elevated temperature and pressure conditions most data points 
around the centre of burner exit correlated, but others, at the edges of the burner, 
oscillated and did not cross zero. The same behaviour was observed for the data 
obtained at elevated temperature and pressure conditions.
Averaged integral length scale data obtained from autocorrelation coefficients 
measured at the centre of the burner (radial position 10 < r  < 15 mm are presented 
in Fig. 7.4. Only correlated values have been used to process integral time scale and 
length scale.
It is seen from the graph (Fig. 7.4) that integral length scale tends to increase 
with increasing exit gas velocity. At tested conditions, where exit velocity did not
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Figure 7.4: Integral length scales measured 5 mm downstream burner at the burner 
centerline exit.
exceed 2 m/s, lo was in the range of 5 - 12 mm.
7.2 Turbulent burning velocity
This study has investigated methane and methane-hydrogen flames at atmospheric 
conditions using PLIF. Only lean flames and flames close to the stoichiometric mix­
ture were investigated. Laminar burning velocities and flame thicknesses were calcu­
lated using Chemkin. The tested flames and test results are presented in Table 7.1.
To identify the combustion regime, turbulence and combustion characteristics 
were calculated and measured. Turbulence intensity q', turbulent length scale lo, 
were obtained from the experiments (Figs. 7.1, 7.2 and 7.4). Laminar flame thick­
ness 6 l  and laminar burning velocity SL were computed using Chemkin-Pro. Re 
presented in the table was calculated using equation 2.53. Da number was computed 
suing equation 2.57. Karlovitz number was approximated using the equation 2.58 
as was proposed by Driscoll [77].
It was found that Ka  number was very low in all cases, implying that all tests 
were conducted in the wrinkled flamlets regime of Borghi - Peters diagram (Fig. 2.13). 
A pilot flame was not used as only a narrow range of flames close to stoichio-
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Table 7.1: Experimental conditions and results of 100% methane and methane - hydrogen 
mixtures
Test Air
1/min
Gas
1/min
4> S L
m/s mm
S t
m/s
u
m/s
<f
m/s
io
mm
R e D a K a S t / S l 4 / S l
1
100% c h 4
30 2.96 0.94 0.37 0.46 0.45 1.12 0.1 7.8 51 63 0.02 1.22 0.27
2 30 2.66 0.84 0.31 0.51 0.45 1.11 0.1 7.7 50 47 0.03 1.45 0.32
3 35 3.65 0.99 0.39 0.45 0.45 1.31 0.13 9 76 60 0.03 1.15 0.33
4 25 2.47 0.94 0.37 0.46 0.4 0.93 0.08 6.5 34 65 0.02 1.08 0.22
5 27 2.47 0.87 0.33 0.49 0.46 1 0.09 7 41 52 0.02 1.39 0.27
6 27 2.37 0.83 0.3 0.52 0.47 1 0.09 7 41 45 0.03 1.57 0.3
7 25 2.17 0.83 0.3 0.52 0.47 0.92 0.08 6.4 33 46 0.03 1.57 0.27
1
85% C H 4 
35
- 15% H 2 
4.23 1.02 0.43 0.42 0.56 1.33 0.13 9.1 77 72 0.02 1.3 0.3
3 40 4.23 0.89 0.38 0.46 0.59 1.5 0.15 10.2 99 56 0.03 1.55 0.39
5 30 3.6 1.01 0.43 0.42 0.51 1.14 0.1 7.8 51 80 0.02 1.19 0.23
6 30 2.65 0.75 0.26 0.56 0.56 1.11 0.1 7.6 49 35 0.04 2.15 0.38
7 35 3.91 0.95 0.41 0.43 0.59 1.32 0.13 9 76 66 0.02 1.44 0.32
8 34 3.39 0.84 0.34 0.48 0.57 1.27 0.12 8.7 68 51 0.03 1.68 0.35
10 40 5.08 1.07 0.44 0.41 0.52 1.53 0.15 10.4 101 74 0.02 1.18 0.34
11
70% C H 4 
40
- 30% H i  
5.74 1.06 0.5 0.38 0.62 1.55 0.16 10.5 107 86 0.02 1.24 0.32
2 45 6.32 1.04 0.49 0.39 0.64 1.74 0.18 11.7 135 82 0.02 1.31 0.37
3 50 6.89 1.02 0.49 0.39 0.69 1.93 0.21 12.9 173 77 0.03 1.41 0.43
4 55 6.89 0.93 0.45 0.41 0.71 2.1 0.23 14 207 67 0.04 1.58 0.51
5 40 5.17 0.96 0.47 0.4 0.7 1.53 0.15 10.4 100 81 0.02 1.49 0.32
6 37 4.59 0.92 0.44 0.42 0.64 1.41 0.14 9.6 86 72 0.02 1.45 0.32
metric conditions were tested. The flame stabilised at the burner without using any 
additional measures.
One of the limitation was the laser optics, which only allowed to create approx­
imately a 30 mm deep laser sheet. Therefore the flame was adjusted in order to 
obtain full height flame images.
7.2.1 Turbulent burning v e lo c ity  m easurem ents
Turbulent burning velocity measurements were conducted using the same method 
as for elevated temperature and pressure conditions. The methods had been tested 
for laminar flames and compared with the flame cone angle method (chapter 4). 
Equivalence ratio 0 was calculated based on volumetric flow rates using equation:
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(7.1)
where ratio  ^Va/V g  ^ was volumetric air fuel ratio, which was constant for a 
particular gas mixture.
Rotameter accuracy according to the manufacture’s data sheet is 3%. There­
fore uncertainty analysis for error propagation was conducted in order to estimate 
the error of 0 due to the measuring error. This error can be calculated using the 
equation:
A / al AXl+ al A X '2d X 1 d X 2  2 (7.2)
Differentiating the equation 7.1 and applying equation 7.2 the error can be cal­
culated:
A0 ^ -A V g +
< ^•
C£>
+
av9 dVa L  *
V a \ V M a
Vn
St
V?
(7.3)
where AVa and AVg are air and gas rotam eter errors respectively.
Due to large error the exact determination of 0 was difficult. Even larger error 
was calculated for laminar flame (magenta triangles), which was obtained using 15 
mm burner nozzle, because very low flow rate was required to obtain stable flame. 
At this flow rate the rotameters were close to the shut position, and the accuracy 
of the measurement was low. The results are presented in table 7.2.
Table 7.2: Flow measurement experiment errors
<i>
c h 4
<}> error, % S t , Tn/s <t>
15 %H2
(j> error, % S t , m / s d>
30% H 2 
<t> error, % S t , m / s
0.94 ±6.4 0.45 1.02 ±5.9 0.55 1.06 ±5.7 0.62
0.84 ±6 0.45 0.89 ±5.6 0.59 1.04 ±5.8 0.64
0.99 ±6.1 0.45 1.01 ±5.9 0.51 1.02 ±5.9 0.69
0.94 ±5.3 0.4 0.75 ±5.3 0.56 0.93 ±6.5 0.71
0.87 ±5.7 0.46 0.95 ±6.3 0.59 0.96 ±6.3 0.7
0.83 ±6 0.47 0.84 ±6 0.57 0.92 ±6.5 0.64
Average turbulent burning velocity values of methane and methane-hydrogen 
mixtures are presented in Fig. 7.5.
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Figure 7.5: Average turbulent burning velocity values measured at atmospheric conditions 
using PLIF-OH technique.
In general the expected trends were observed in the experiments. S t  of methane- 
hydrogen mixtures was higher than that of pure methane. The burning velocity of 
8 h%CH4 — 15%H2 ws approximately 25-30% higher than methane in the range of 
tested equivalence ratios. S t  of 70%C H4  — 30%H2 was approximately 20-25% higher 
than of 83%CH4 — 15% #2 and approximately 50-55% higher than of pure methane. 
Very similiar results were observed during elevated temperature and pressure exper­
iments. It was reported that increasing hydrogen content in the mixture up to 30% 
increased S t  about 45-50% at 3 bar 473 K $  «  1 in comparison with pure methane. 
The same was observed comparing two methane-hydrogen mixtures, i.e. the aug­
mentation of S t  was about 15-20% at 3 bar 473 K when the hydrogen content was 
increased from 15% to 30%. These observations show consistency of measurements.
7.2.2 R elative turbulence in tensity
Methane and methane - hydrogen mixtures relative turbulence intensities for differ­
ent test conditions are plotted in Fig. 7.6. Relative turbulence intensity is repre­
sented as turbulence intensity normalised by mean velocity, q'/u.
The graph is presented to indicate the variation in turbulence characteristics
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during the experiment. Different bulk gas exit velocities were used during the tests, 
however due to low exit velocity the variation in q'/u  was very small. Relative 
turbulence intensity remained almost constant, at around 10% for all experiments.
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Figure 7.6: Relative turbulence intensity of methane and methane - hydrogen mixtures 
in Bunsen burner tests.
Although relative turbulence intensity is used as a measure of turbulence it does 
not really reveal the turbulence magnitude. During the tests at elevated temperature 
and pressure q '/u  was found to be in the range of 14-18%, however the absolute 
values of q' were much higher than during the tests at atmospheric conditions, 
and therefore the combustion took place in the corrugated flamelet regime, which 
implies that absolute turbulence intensity value q' is more important in order to 
define turbulence characteristics.
7.2.3 D ata  com parison and correlation
The comparison of experimental results with the findings of other researchers are 
discussed in this section.
Lipatnikov and Chomiak in their review paper presented burning velocities of 
methane </>=!, collected from the experiments of other researchers at atmospheric
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conditions [31]. For comparison purposes the data of the Bunsen burner experiment 
results were plotted into this graph (Fig. 7.7).
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Figure 7.7: Turbulent burning velocities of methane-air mixture measured by the different 
research groups at <j> = 1, replotted from Lipatnikov and Chomiak [31]. (1) Bourguignon 
et al. [169]; (2) Chan et al. [170]; (3) Cheng et al. [171], V-flame; (4) Cheng et al. [171], 
stagnation flame; (5) Cheng and Shepherd [168], V-flame; (6 ) Cheng and Shepherd [168], 
Bunsen flame; (7) Cheng and Shepherd [168], stagnation flame; (8 ) Gouldin and Dan- 
dekar [172]; (9) Gulati and Driscoll [173]; (10) Ho et al. [174]; ( W  Shepherd [79]; (12) 
Smith and Gouldin [175]; (13) Cheng [176]; (14) Cho et al.; (15) Aldredge et al. [177]; 
(16) Shy et al. [178]; green circles are this experiment data of methane at (f> = 0.94 and 
<t> =  0.99.
It is seen from the graph that experimental results data are widely scattered. The 
reasons of this phenomena were discussed by the authors of this graph [31]. Some of 
these reasons are related to the flame structures (propagating or stationary flames) 
or to different interpretation of the flame front position. The burning velocity data 
of this work fall into the lower left part of the graph, where turbulence intensity was 
the lowest. ST of these tests was close to S L due to the very low turbulence level, 
and seems sensible in comparison with the findings of other researchers.
The comparison of premixed methane-air mixtures of Bourguignon et al. [169],
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Methane and methane-hydrogen mixtures
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Figure 7.8: Comparison o f m ethane and methane-hydrogen turbulent burning velocities o f 
this work with the results o f Bourguignon et al. [169], Shy et al. [109], and Savarianandam  
and Lawn [179]. Black symbols: □  Bourguignon et al.; A  Savarianandam and Lawn; 
0  Shy et al. Colour Q  represent the results from  this work: green - C H 4, magenta - 
85% C H a -  15%/f2, blue - 70% C H A -  30% H 2.
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Shy et al. [109], and Savarianandam and Lawn [179] with the results of this work 
for methane and methane-hydrogen mixtures is presented in Fig. 7.8. Turbulent 
burning velocity evolution depending on equivalence ratio ( Fig. 7.8a) and turbulent 
intensity at different equivalence ratio (Fig. 7.8b) are presented in two graphs in 
order to show th e  variation of the results and how they depend on the measuring 
technique. Bourguignon et al. performed experiments using opposed axisymmetric 
flames [169]. In the  Shy et al. experiments a downwards propagating flame speed 
in a cruciform burner was measured [109]. Savarianandam and Lawn conducted 
experiments using a wide-angled conical diffuser [179]. In their experiments they 
obtained low turbulence flames, where q' did not exceed 0.25 m/s. Larger symbols 
represent the d a ta  points in the three dimensional diagram, and smaller symbols 
represent the projections of the da ta  in two-dimensional S t  v s  0  and S t  v s  q' planes.
It is seen from the graph th a t large inconsistency is observed comparing different 
experimental m ethods of obtaining data. St  d a ta  from Savarianandam and Lawn 
are larger at low q/ (A  in Fig. 7.8) in comparison with Bunsen burner experiments. 
Bourguignon et al. [169] results in contrast show lower S t  values at even higher c( 
(□  in Fig. 7.8) in comparison w ith the Savarianandam and Lawn [179] data. The 
experimental results from the Bunsen burner experiments are somewhere in between 
these two extrem e cases and correspond to the trends of Shy et al. St  (0 in Fig. 7.8).
Flames of different categories are associated with different boundary conditions 
and have different flame wrinkling process [91], therefore only the flames falling into 
the same category ought to be compared. In Fig. 7.9 data from Kobayashi et al. [34] 
experiments and this work are compared. For comparison purposes Bourguignon 
et al. [169] and Shy et al. [109] data  for 0 = 0.9 are included as well. Kobayashi 
et al. [34] perform ed experiments using a Bunsen type burner for lean methane - 
air mixtures 0  =  0.9. St  of the gas mixture was calculated using the flame cone 
angle method of averaged turbulent flame images, which corresponded to the flame 
at < c >= 0.5. In this work the flame position was assumed to be at the progress 
variable value <  c >= 0.5 as well, therefore both these data sets can be directly 
compared.
It is seen from the graph th a t this work matches to that of Kobayashi et al. very 
well, while the Bourguignon et al. [169] and Shy et al. [109] data fall outside the
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F igu re  7.9: Comparison o f m ethane and methane-hydrogen turbulent burning velocities 
o f this work with the results o f Kobayashi et al. [34]- Bourguignon et al. [169] and Shy et 
al. [109] data fo r  <t> = 0.9 are presented fo r  comparison.
these trends. Methane - hydrogen mixture data are expected to be slightly higher 
compared with Kobayashi et al. [34] data, therefore more detailed investigation 
of these mixtures at different turbulence intensities for lean mixtures is required. 
Although it was difficult to define the exact (j> in this work, the results are promising 
and show that the PLIF technique combined with a novel flame front finding method 
are sufficiently accurate and can be used for St  calculation.
7.3 Conclusion
1. Investigation of turbulent burning velocity of gaseous alternative fuels at atmo­
spheric conditions was conducted using a PLIF-OH methods. Stoichiometric 
and lean methane and methane - hydrogen mixtures were tested. All flames 
considered fell into the wrinkled flamelet regime.
2. Low turbulence intensity level was maintained during the experiments. St of 
gas mixtures was approximately 10% to 60% higher than corresponding S i.
0.2 0.4 0.6
•  15% H2, <)> = 0.89
•  30% H2, <|> = 0.92
■ Bourguignon et al.
•  S hyeta l.
T  Kobayashi et al.
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3. Burning velocities of methane-hydrogen mixtures was found to be higher than 
with pure methane as expected. Small quantities of hydrogen in the gas mix­
ture (15%) increased St  by approximately 25-30% compared to pure methane. 
St  of the gas mixture with 30% hydrogen increased by 50-55% compared with 
pure methane. These results agree very well with the data obtained at ele­
vated tem perature and pressure conditions, where similiar increases in St  were 
observed.
4. Comparison of this work with the results of Bourguignon et al. [169], Shy et al., 
and Savarianandam and Lawn was also made. The evolution of St  depending 
on <f) and q' was plotted and showed large data scatter. This was mainly due 
to the different flame categories considered. The data obtained in this work 
fell into the expected region.
5. Methane - hydrogen mixture results show good agreement with data from 
Kobayashi et al. [34], who used the Bunsen burner method for quantifying 
turbulent burning velocity. This finding reveals that the PLIF method com­
bined with the novel flame front area location method is promising and could 
be used for the creation of a database of St  for alternative fuels at atmospheric 
as well as at elevated temperature and pressure conditions.
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Increasing demand for more sustainable fuels is stimulating research into hydrogen 
or hydrogen containing mixtures. However due to many limitations the practical 
application of such fuels at large scale causes problems, when existing combustors 
are used. Natural gas remains the most important gaseous fuel for industry and in 
the power generation sector. However in the future as natural gas becomes more 
expensive and scarce, it could be augmented by gasified coal or biomass or by the 
byproducts of industrial processes such as steel industry. Here in this chapter the 
investigation of such alternative fuels: methane-hydrogen and methane-carbon diox­
ide mixtures, which could represent the mixture of natural gas and gases produced 
form other sources (gasification, industrial waste gas, etc.) is presented. A novel 
turbulent burning velocity method is applied and results are compared with Bunsen 
burner data.
8.1 Experim ental m ethodology
Five series of experiments were carried out to investigate the effect of CO 2 and H 2 
011 methane burning velocity and flame stability. Five different gaseous fuels: 100% 
methane, 85% methane - 15% carbon dioxide, 70% methane - 30% carbon dioxide, 
85% methane - 15% hydrogen and 70% methane - 30% hydrogen were tested for lean 
and rich mixtures. The generic swirl burner was used to investigate flame stability
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Table 8.1: Gas composition, conditions and methods used to investigate CO2 and H2 
addition effect on CH 4 turbulent combustion.
Gas mixture Bunsen burner tests Swirl burner tests Chemkin Fluent
100 % C H 4 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
8b% C H 4- \b % C 0 2 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
70% C H 4-3 0 % C 0 2 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
85% C  H 4-15% H 2 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
7 0% C H 4-30% H 2 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
50% C H 4-50% H 2 - - 1, 3 bar and 300, 473, 673 K -
30% C H 4-70% H 2 - - 1, 3 bar and 300, 473, 673 K -
\5 % C H 4-8b% H 2 - - 1, 3 bar and 300, 473, 673 K -
100 % h 2 - - 1, 3 bar and 300, 473, 673 K -
at atmospheric conditions (1 bar, 293 K). Chemkin and Fluent have been used to 
model laminar and turbulent flames. The list of investigated mixtures and conditions 
is presented in Table 8.1, together with the high temperature and pressure results 
from chapter 6.
Flame stability and flashback experiments were conducted using the generic swirl 
burner designed in Cardiff University. The burner was designed to produce pre­
mixed, non premixed and partially premixed flames. Only premixed combustion was 
considered in this programme. Detail description of experimental rigs and methods 
is presented in chapters 3 and 4.
8.2 Turbulent prem ixed com bustion m odelling
In premixed combustion, fuel and oxidizer are mixed at the molecular level prior 
to ignition. It is assumed that combustion takes place in a thin flame sheet. The 
combustion reactions take place and the flame front moves from premixed reactants 
to products. For subsonic flows, the overall rate of propagation of the flame is 
determined by both the laminar flame speed and the turbulent eddies. The laminar 
flame speed is determined by the rate th a t species and heat diffuse upstream into 
the reactants and burn.
The flame front propagation is modelled by solving a transport equation for the 
density-weighted mean reaction progress variable c:
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^ ( p c )  +  V • (pvc) = V • ( J ^ rV c) +  Ps c (8.1)
The progress variable is defined as a normalized sum of the product species, 
therefore c =  0 for unburnt mixture, and c — 1 for products. The value of c 
is defined as a boundary condition at all flow inlets. The mean reaction rate is 
modelled as [32]:
pSc =  PuSt  |Vc| (8.2)
St is computed using a model for wrinkled flames [32]:
ST =  Az ■ (u')3/*s l /2a ~ l/i ly 4 =  A:u'Da1/4 (8.3)
The integral length scale lo is modeled using the equation:
(u ' ) 3
lo =  CD^ - f -  (8.4)
The recommended value A z =  0.52 and coefficient Co — 0.37 have been used [32]. 
A non-adiabatic premixed combustion model is considered. The energy transport 
equation is solved in order to account for any heat losses or gains within the system. 
These losses/gains may include heat sources due to chemical reaction or radiation 
heat losses.
The shear-stress transport (SST) k — lj model has been used for modelling tur­
bulence. It has feature that gives the SST k — lj model an advantage in terms of 
performance over both the standard k — u  model and the standard k — c model. 
Other modifications include the addition of a cross-diffusion term in the u  equation 
and a blending function to ensure th a t the model equations behave appropriately in 
both the near-wall and far-field zones [180].
8.3 Turbulent burning velocity  correlations
Empirical approximations of turbulent burning rate comprises an important part 
of turbulent combustion research. There are a number of correlations of turbulent
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burning rate with Da and K a  numbers available in the literature [31]. A number of 
researchers correlate St  with Karlovitz stretch factor K  and Le number using the 
equation [28, 55]:
where q' is the turbulence intensity, and B  and D  model coefficients.
Another equation used in numerical calculations, proposed by Zimont et al. [32] 
correlates Da number with St '-
where 0.52 and 0.25 are model coefficients.
It should be mentioned tha t there are some debates in the combustion community 
concerning the optimal way to correlate turbulent burning rate, the most appropriate 
combination of non dimensional numbers and their calculation method.
Karlovitz and Reynolds numbers are two non-dimensional numbers, which may 
be calculated in different ways. Reynolds number based on integral length scale is 
calculated using equation:
Rei is highly dependent on temperature. Peters claims [97] that properties such 
as specific heat capacity, Cp and thermal conductivity A should be calculated at the 
inner layer tem perature T0. This also holds for Reynolds number. Peters suggested 
to calculate Reynolds number using the equation [97]:
where v is replaced by S lS l■ Rei calculated using actual gas mixture viscosity 
at inner layer temperature (found to be 1400 K - 1600 K in this work) is very close 
to Ret calculated with assumption v =  SlSl-
Veynante and Vervich [124] reported th a t the relation between thermal flame 
thickness SL- the laminar unstretched flame speed SL and the kinematic viscosity 
of reactants v is 8 l S l / v  ~  4, which means tha t the Reynolds number differs by a
ST = B q \K L e )D (8.5)
ST = 0 .b2 q'Da° - 25 (8 .6)
(8.7)v
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factor of 4. The stretch factor, which is defined as the “ratio of chemical to turbulent 
lifetimes” [29] is calculated from the equation [127]:
h ' = ~  (8-9)‘A OL
Obviously, if Taylor’s length scale is calculated using lx = lo(lb /Rei) 1 / 2  [29], due 
to the decrease of Rei, l\ will increase. Therefore the stretch factor will also change.
Another ambiguity lies in the use of the Karlovitz number K a  and Karlovitz 
stretch factor K . Although these variables are closely related, the main difference 
concerns the length scale used to calculate these quantities. The Kolmogorov length 
scale, accounting for the change of thermal diffusivity due to temperature effect, is 
used to define K a  number [77], whilst Taylor’s length scale is used for the determi­
nation of Karlovitz stretch factor (equation 8.9). It has been proposed to use the 
following equation to calculate K a  number [77]:
Here a  is thermal diffusivity of nitrogen at 300 K, which is 0.15 cm 2 /s . The 
magnitude of the stretch factor, K , is lower than  Karlovitz number, Ka, calculated 
for our conditions.
In order to be consistent Rei was calculated using equation 8.8 and K  stretch 
factor defined in equation 8.9 were used.
8.3.1 M eth an e and m ethane-carbon  dioxide m ixture flames
Turbulent burning velocities of methane and methane carbon dioxide mixtures have 
been calculated at 3 bar and 7 bar pressures, and 473 K, 573 K and 673 K in­
let air temperatures. The comparison of the experimental data with the Zimont’s 
model [32] is presented in Fig. 8.1.
The solid line in the graph represents Zimont’s model ST = 0.52q'Da0 25. Circles 
represent methane data, triangles represent 85% methane - 15% carbon dioxide data 
and squares represent 70% methane - 30% carbon dioxide data. It may be observed 
from this graph that Zimont’s model fits experimental data well. Non-parametric 
hypothesis testing has shown tha t the hypothesis, that model and experimental
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data sets are identical, can not be rejected. Therefore it is tentatively assumed that 
Zimont’s model fits the experimental burning velocity data adequately.
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F ig u re  8 .1: Comparison o f experim ental results with Zim onVs model.
In order to estimate the relation of experimental data with Damkohler num­
ber a regression analysis has been carried out. A new correlation equation S t  = 
0.87qf Da0 1 2  (broken line in Fig. 8.1). has been found for methane and methane - 
carbon dioxide mixtures for all tested pressure and temperature conditions.
The Zimont’s model is widely used for turbulent premixed flame modelling in 
commercial codes and the correlation of S r / t f  versus K L e  or K aLe  is used to rep­
resent turbulent burning velocity evolution, which accounts for the effect of flame 
stretch. Bradley et al. [28] have proposed an approximate correlation for the tur­
bulent burning velocity, ST = 0.88q'(K Le)~03. The correlation is considered valid 
for 0.02 < K L e < 1. Later, a modified correlation of 1650 measurements of ST 
was presented, ST = 1.01 q '(K L e ) ~ 0 3 [29]. Regression analysis has been performed 
to find the optimal correlation for our experimental data. Gas mixtures of 100% 
methane and 70% methane - 30% carbon dioxide turbulent burning velocity values 
from different experiment condition have been used and a general correlation has
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been found, St  = 0.91 q'(KLe)  015. In Fig. 8.2 the correlations from Bradley et 
al. [28, 29] and the correlation obtained from the current data are presented.
# ch4
A 30% C02
— 0.91 KLe'015 
■■■0.88KLe'°-3 
-•1.01 KLe'03
2.5
"•mm
0.5
0.2 0.4
KLe
0.6 0.8
Figure 8.2: S t  v s  KLe for our experiments and correlation curves from Bradley et 
al [28, 291
It should be noted tha t this attem pt to correlate the current data assumes - in 
the spirit of Zimont - tha t variation in pressure, temperature and fuel mixtures, 
can be sufficiently represented by such a universal correlation. Hence, some data 
scatter is observed in the graph, which may be expected considering the broad range 
of experimental conditions studied. The new power factor -0.15, obtained from 
regression analysis indicates tha t at elevated pressure and temperature conditions 
the non dimensional number K L e  has less effect on St - In our tests the Lewis 
number of the gases is close to unity, therefore it implies tha t K  can replace K L e  in 
the correlation. Lipatnikov and Chomiak in their review paper [31] presented St  and 
K a  correlations. Different power factors, processed from various experimental data 
for K a , have been reported. Although they have used Ka  instead of K  the trends 
are the same. The power factor varied from -0.23 to -0.41. From these observations 
it can be concluded tha t it is difficult to obtain one equation for all purposes as Ka
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or A does not estimate pressure effects [31]. Therefore substantially more data and 
analysis are needed to investigate turbulent combustion at elevated pressure and 
temperature.
8.3.2 M eth an e-hyd rogen  m ixtu re flam es
Methane-hydrogen experimental dataset and the Zimont’s model correlation St  = 
0.52q'Da025 [32] are presented in Fig. 8.3.
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Figure 8.3: Experimental data and S t  =  0.52^(Da)0 25  model plot. O  _ 100% methane; 
A - 85% methane - 15% hydrogen; □  - 70% methane - 30% hydrogen.
The experimental data  fits the model surface reasonably well. These experiment 
results have been obtained under different conditions for different equivalence ratio 
(j>, therefore model coefficients have not been calculated. Non-parametric hypothesis 
testing has shown tha t the hypothesis, th a t model and experimental data sets are 
identical, can not be rejected. This statistically justifies the agreement between data 
and prediction.
Methane and methane-hydrogen mixtures
*  100%CH4 
A  85% CH4 - 15% H. 
■ 70% CH4 - 30% H 
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8.4 Sw irl burner experim ents w ith  C H 4 — C O 2 m ix­
tu res
8.4.1 M eth a n e  flam e sta b ility  lim its at atm ospheric condi­
t io n s
Flame stability depends on the operating pressure, initial temperature, equivalence 
ratio and to tal mass flow rate of the premixed mixture [181]. The experiments and 
modelling were performed for premixed methane flames at atmospheric conditions 
with the purpose of measuring the stability limits of the flame for a particular 
generic burner. The behaviour of swirl burner is complex, with a rich literature in 
this area [63, 64, 66, 67, 70-72, 74]. In the context of flashback for this generic swirl 
burner (geometric swirl number 1.47) the size and shape of the Central Reverse Flow 
Zone (CRZ) is crucial as in high velocity flows the flame initially stabilizes on the 
CRZ boundary. Under isothermal conditions for this swirl number a bulbous CRZ 
forms just past the exhaust and the fuel injector. This CRZ then typically forms 
an extension to its base which consists of a long columnar structure which passes 
into the burner, often over the fuel injector (unless it is very large) to the backplate. 
Premixed combustion especially can virtually eliminate this CRZ as the increased 
axial flux of angular momentum reduces the effective swirl number to below the 
critical value for vortex breakdown and CRZ formation of 0.5 (axial flux of angular 
momentum scarcely alters). Maximum effects occur around equivalence ratios <f) «  1 
at maximum heat release. As the equivalence ratio is weakened vortex breakdown 
can occur, a CRZ forms, which gradually increases in strength so that at very weak 
mixtures the structure tends to th a t of the isothermal state. The problem this brings 
is that for lean combustion the flame burns not only in the exhaust but on the CRZ 
boundary surrounding the fuel injector; this is illustrated later. Here we consider 
the flashback of these flames radially to the tangential inlets and beyond. This 
condition represents the system behaviour both with and without the fuel injector. 
Other work has described techniques to eliminate this CRZ extension over the fuel 
injector [70]. In this system, flashback was more pronounced for lean combustion 
than for rich.
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F ig u re  8.4: Partial flashback of methane flame in model and experiments, rh =  2.74 g/s, 
<\> =  0.92
As seen in Fig. 8.4 and discussed above, the CRZ and flame front can extend 
completely over the fuel injector to the baseplate due to the extension of the CRZ 
over the fuel injector at weak equivalence ratios. This is undesirable and is a precur­
sor to full flashback . The phenomena is often referred to as Combustion Induced 
Vortex Breakdown (CIVB). Techniques for elimination are discussed elsewhere [72].
Full flashback is shown in Fig. 8.5. Here the flame has flashback to beyond 
the tangential inlets, and is operating as a cyclone combustor [64, 65], undesirably 
overheating the main components. It is seen in Fig. 8.5 that the temperature of the 
injector increases significantly due to the thermal radiation and convection.
F ig u re  8.5: Methane flame flashback, m = 1.485 g/s, <f) = 0.79
Swirl burner is manufactured using high grade stainless steel, which contains 
nickel, chromium and molybdenum. It has been reported that metals such as: nickel,
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cobalt, copper and their oxides are very active in the total catalytical oxidation of 
methane [182, 183], however this phenomenon has not been investigated in this 
study.
The stable and flashback flames are reported under various air and fuels mass flow 
rates. Calculated experimental values of total mass flow rate m vs the equivalence 
ratio (f> are plotted in Fig. 8.6, which represents the burner flame stability map. An 
interpolation has been performed to define the flame stability limits. The curve 
divides the operating conditions into two regions. The region of stable flames is 
placed above the curve, and the region of unstable flame, flashback region, is located 
under the curve. The mass flow rate of fuel mixture was increased and reached its 
peak at <j> = 0.7. For rich mixtures the fuel mass flow rate was reduced again, though 
here flashback was not observed.
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Figure 8.6: Flashback velocities of methane flame
Another problem that was observed during the experiments was flame blow off. It 
was difficult to hold the flame with higher mass flow rates. One possible solutions, 
in order to keep the flame within blow off limits, is to inject small quantities of 
diffusive fuel directly into the central recirculation zone, thus stabilizing the system,
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as implemented in practical gas turbine combustors [67]. Another technique, which 
improves the C H 4 stability is to add H2 [19, 73], however this does then worsen 
flame flashback susceptibility due to increase of S t-
Dv = 32 mm
Di = 12 .8  mm
B = 4 mm
D e =  2 8  mm
*f-
H= 
16 mm
Flame area
Figure 8.7: Schematic swirl burner drawing
8.4.2 C O 2 d ilution  effect on flam e stab ility
Flashback occurs in the regions where turbulent flame propagation velocity exceeds 
the gas mixture supply streamlines. Therefore the flashback could be avoided if the 
flame speed and gas velocity could be kept in balance just above the burner exit. In 
the swirl burner the gas mixture flow velocity could be expressed as the components 
of axial u, radial v and tangential w velocities. These velocity vectors are presented 
in the schematic burner drawing Fig. 8.7. Based on the experimental data u , v and 
w were calculated from the known mass flow rate and gas mixture density. Axial, 
radial and tangential velocity in the inlets are represented by the following three
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equations, which represent the average axial velocity u, the average radial velocity 
v at the flame front location and the average tangential velocity w:
m
V = 0.5irpH(Dv + Di) (812^
w  = W b
The radial v and tangential w velocities variation for CH 4, 85% CH 4 - 15% CO2  
and 70% CH 4  - 30% CO 2 mixtures vs equivalence ratio are plotted in Fig. 8.8. The 
two regions of stable flame and flashback are defined and separated by the lines, with 
values above representing stable conditions and those below representing flashback.
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Figure 8.8: Flashback velocities of methane and methane - carbon dioxide flames.
Testing all mixtures, both stable and flashback flames were observed. For both 
mixtures 85%CH4 - 15% C 0 2 and 70% C H 4 - 30% C 0 2 under certain conditions 
the CRZ and flame extended over the fuel injector as in the case of methane flames. 
The highest velocity levels for flashback were observed at 0 =  0.7 -  0.8 for all
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mixtures. In general it was observed tha t the velocities, at which flashback occurs, 
decreased with increasing CO 2 amount in methane. CO2 addition decreases the 
burning velocity [37, 41, 42], therefore lower velocities are required to stabilise the 
flame and stability limits are improved.
8.4 .3  C om parison  o f te s t  resu lts from  generic swirl burner 
and B u n sen  burner w ith  C H ±  — C O 2 m ixtures
After the first flashback, the flame stabilised in the region around the injector as 
seen in Fig. 8.5 and in the schematical drawing Fig. 8.7. In a few tests with pure 
methane at very low mass flow rates secondary flashback was observed, where the 
flame propagated through the swirler slots upstream. However when testing methane
- carbon dioxide mixtures, this phenomena did not occur. When the flame stabilised 
around the injector, the turbulent flame speed was balanced by the gas flow veloc­
ity, therefore the turbulent flame front was established somewhere in the middle 
region of the swirl chamber between the injector and swirler vanes. As the flame 
front remained in relative stability, the turbulent flame burning velocity could be 
derived from the equation 2.43. Here the flame front area could be approximated as 
A — 0.57TH ( D V +  Di).  Therefore combining equations 2.43 and 8.12 it can be con­
cluded tha t S t  = v and S t  and v can be compared directly. It must be pointed out 
that turbulent consumption velocity calculated as indicated above must be distin­
guished from turbulent displacement velocity, which could be found using the same 
methodology for measuring or modelling radial velocity, but not by the method 
above.
The comparison of our experimental values, obtained using the Bunsen burner 
at elevated pressure and tem perature conditions (chapter 6), swirl burner radial ve­
locity approximations and numerical S t  computations are represented in Fig. 8.9. 
The S t  and v have been normalised by a normalisation factor as explained else­
where [41]. The coding “3-473” represents 3 bar and 473 K preheated unburned gas 
temperature conditions, and “15C02” represents 85%CH4 - 15% CO2 gas mixture 
in the legend key. We have not been able to  stabilise very lean methane and methane
- carbon dioxide mixtures in the Bunsen burner, therefore only values close to the 
stoichiometric conditions are presented. For numerical calculations ST computations
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via Fluent at the burner exit position have been taken, where the progress variable 
c =  0.5.
Considerable difference of St  and v is observed in Fig. 8.9 at <j> = 0.7 — 0.8. 
One obvious contributory explanation is that very different flame structures are 
compared, therefore some incompatibility is expected. Bunsen burner flames belong 
to “envelope” category flames and swirl burner flames considered here would fall 
into the “unattached” or “flat” flame category, which have different flame wrinkling 
processes [77, 91]. Another important consideration is the uncertainty in deriving the 
flame front area for swirl burner. It was observed that the flame front is corrugated, 
but thin, and the exact position could not be easily identified. The assumption was 
to take the flame front position as being located half way between the fuel injector 
radius and the burner exit radius (Fig. 8.7), this being based purely from visual 
interpretation. As an example, increasing the flame front diameter by 20% the St  
would decrease by 17%. Hence, more accurate flame front identification methods 
should be sought for future work.
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Figure 8.9: Comparison of experimental values from Bunsen burner tests at elevated 
temperature and pressure and swirl burner tests at atmospheric conditions.
It has already been noted that the definition for the turbulence characteristics for
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the Bunsen burner experiments have some uncertainties in themselves. The relative 
turbulence intensity for Bunsen burner isothermal flows at elevated temperature 
and pressure has been found to be around 15-20% [41]. For the swirl burner, as no 
measurements have been possible to date, the turbulence kinetic energy has been 
computed using CFD at isothermal conditions in the middle of the burner, where 
the assumed flame front is located. The q/ calculated from the turbulence kinetic 
energy has been found to be in the region of 0.6 - 1.83 m /s for C H 4 and CH 4- 
C 0 2 mixtures. Therefore applying simple approximation S t  = S l  +  q', developed 
from Damkohler theory, the values of S t  can be readily calculated. The grey marks 
in Fig. 8.9 represent these normalised S t  values. Simplified theory underpredicts 
turbulent burning velocity for lean mixtures, but the results are much closer to 
experimental values at equivalence ratio between 0.8 and 0.9.
Numerical St  computation via CFD, evaluated at the burner exit under the same 
conditions as the swirl burner experiments, where the progress variable c =  0.5, show 
lower values than the radial velocity results, Fig. 8.9. Several interesting conclusions 
emerge from this data analysis:
•  Fluent predictions are better with C H 4 -C 0 2 mixtures than for pure methane 
alone, although all results show substantially lower flashback velocities than 
those measured experimentally in the swirl burner, typically being 50% lower.
•  The Bunsen burner results show significantly lower values than those obtained 
in the swirl burner and maybe indicate tha t methodologies need to be devel­
oped to measure St  in systems with the much higher turbulence levels found 
in the flashback regions of swirl burners.
8.5 Swirl burner experim ents w ith  C H ±  —  H 2 m ix­
tures
8 .5.1  H 2 d ilu tion  effect on  flam e stab ility  and flashback
Figure 8.10 shows results with 85% methane and 15% hydrogen. Clearly the CRZ 
and flame front extends over the fuel injector to the baseplate due to the extension 
of the CRZ over the fuel injector a t weak equivalence ratios. This is undesirable and
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is a precursor to full flashback. Hydrogen addition is well known increase the flame 
stability by reducing flame blow off [19, 73], however this does then worsen flame 
flashback susceptibility due to increase of Sl and St -
(a) (b)
Figure 8.10: Flashback of 85% methane - 15% hydrogen mixture in model (a) and ex­
periments (b), rh =  2.46 g /s , 0 = 0.82.
A similiar methodology for S t  analysis in the swirl burner is used for methane- 
hydrogen mixtures as for methane-carbon dioxide mixtures, presented in previous 
sections. Derivation of axial u, radial v and tangential w velocities is performed 
using the equations 8.11, 8.12, 8.13. Thus radial velocities of 85% CHA - 15% H 2 
and 70% CH 4 - 30% H2 vs 0 are plotted in Fig. 8.11. The two regions of stable 
flame and flashback are defined and separated, with values above representing stable 
conditions and those below representing flashback.
A wide range of flows and equivalence ratios were investigated with mixtures, 
both stable and flashback flames being observed. For both mixtures 8 b%CH^ - 15% 
H2 and 70% CH 4 - 30% H2 under certain conditions the CRZ and flame extended 
over the fuel injector. The highest velocity levels for flashback were observed at 
0 =  0.8 — 0.9 for all mixtures. In general it was observed that the velocities, 
at which flashback occurs, increased with increasing H 2 concentration in methane. 
H2 addition increases the laminar and turbulent burning burning velocity [22, 41], 
therefore higher velocities are required to stabilise the flame and avoid flashback.
164
CHAPTER 8. Turbulent burning velocity analysis and extension to a generic swirl
burner
85% CH4-15% H2 mixtures
♦  15% H2 stable
♦  15% H2 flashback
♦ ♦  
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(a) 85% methane - 15% hydrogen mixture
70% CH<- 30% H2 mixtures
■ 30% H2 stable
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±  4
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(b) 70% methane - 30% hydrogen mixture
Figure 8.11: Flashback radial velocities in generic swirl burner.
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8.5.2 C om parison  o f test results from generic swirl burner 
and B unsen  burner w ith  C H 4 — H 2 m ixtures
After the first partial flashback, the flame stabilised in the region around the in­
jector as seen in the schematical drawing Fig. 8.7 and as occured with methane - 
carbon dioxide mixtures. In several tests, especially with higher hydrogen quantities 
secondary flashback was observed, where the flame propagated through the swirler 
slots upstream. When the flame stabilised around the injector, the turbulent flame 
speed was again balanced by the gas flow velocity, therefore the turbulent flame 
front was established somewhere in the middle region of the swirl chamber between 
the injector and swirler vanes. As the flame front remained in relative stability, the 
turbulent flame burning velocity could be derived from the equation 2.43 as carried 
out with the methane - carbon dioxide mixtures.
Again the flame front area could be approximated as A f  =  0.57TH (D V +  Di), and 
it was concluded that St  «  v and these values can be compared directly, as with 
methane - carbon dioxide mixtures.
4.5 
4
3.5
> ^ 
T3
§2.5
CH4 - H2 mixtures
cn
T51.5
I  1
0.5
0
- • —Bunsen 3-473 15H2 
— Bunsen 3-473 30H2 
-O-FLUENT 15H2 
- 6 -FLUENT30H2 
•  ST = SL + q' 15H2 
▲ ST = SL + q' 30H2
—  Swirl 15H2
—  Swirl 30H2
0.4 0.6 0.8 1 
Equivalence ratio
1.2
Figure 8.12: Comparison of experimental values from experiments of generic swirl burner 
tests at atmospheric conditions, Bunsen burner experiments at elevated temperature and 
pressure, Fluent computations, and turbulent combustion model St  = Sl + v! .
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The comparison of experimental values, obtained using the Bunsen burner at 
elevated pressure and tem perature conditions [41], generic swirl burner radial veloc­
ity approximations and numerical St  computations from Fluent are represented in 
Fig. 8.12. The S t and v have been normalised by a factor as explained in chapter 6. 
The coding is as before “3-473” represents 3 bar and 473 K preheated unburned gas 
temperature conditions, and “15H2” represents 85%CH4 -  15%H2 gas mixture, and 
“30H2” represents 70% C//4 — 30%//2 gas mixture in the legend key. For numerical 
St  computations the position at the burner exit have been taken, where the progress 
variable c = 0.5.
Considerable difference between St  obtained from Bunsen burner and v from 
swirl burner is observed in Fig. 8.12 at <f> = 0.8 — 1.1. One obvious contributory 
explanation is th a t very different flame structures are compared, therefore some 
incompatibility is expected. Bunsen burner flames belong to  “envelope” category 
flames and have different flame wrinkling process than swirl flames [77, 91]. Another 
important considerations are the uncertainty in deriving the flame front area for the 
swirl burner and the derivation of turbulence intensity, which has not been measured, 
but only modelled.
It was observed tha t the flame front is corrugated, and the exact position could 
again not be easily identified. The assumption was again to take the flame front 
position as being located half way between the fuel injector radius and the burner 
exit radius (Fig. 8.7), this being based purely from visual interpretation.
The definition for the turbulence characteristics for the Bunsen burner exper­
iments have some uncertainties in themselves. The relative turbulence intensity 
for Bunsen burner isothermal flows at elevated tem perature and pressure has been 
found to be around 15-20% [41]. For the swirl burner, as no measurements have 
been possible to date, the turbulence kinetic energy has been computed using CFD 
at isothermal conditions in the middle of the burner, where the assumed flame front 
is located. The turbulence intensity cf calculated from the turbulence kinetic energy 
has been found to be in the region of 0.6 - 4.83 m /s for C7/4- / /2 mixtures. Therefore 
applying simple approximation ST =  S L + q', developed from Damkohler theory, the 
values of ST can be readily calculated. The grey marks and dotted lines in Fig. 8.12 
represent these normalised ST values. It is seen tha t this simplified theory underpre­
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diets turbulent burning velocity for lean mixtures, but the results are much closer 
to the experimental values a t equivalence ratio between 0.9 and 1.0, although for 
7 0 % C — 30%H2 the predicted S t  is higher than radial velocity v. Presumably this 
is due to the very high turbulence kinetic energy level modelled by Fluent. Similar 
results have been found for methane - carbon dioxide mixtures [161].
Numerical St  com putation via CFD, evaluated at the burner exit under the 
same conditions as the experiments, where the progress variable c =  0.5, show 
much lower values than the radial velocity results, Fig. 8.12. It appears that Fluent 
model does not predict burning velocities particularly well for this swirl burner and 
fuel mixtures, although for Bunsen burner the model predictions are reasonably 
accurate [41, 161].
3. An attem pt has been made to correlate the flashback and turbulent burning 
velocity data. Uncertainties have been emphasised and discussed. The differences in 
results found are likely to arise due to the following primary causes: the method used 
to derive flame front position, turbulent flow characteristics, flame regime, unburnt 
gas temperature. Modifications are needed to the Bunsen type burner to produce 
flame conditions at flashback closer to those pertaining in swirl burners.
8.6 C onclusion
The investigation of methane, methane-carbon dioxide and methane-hydrogen mix­
tures at atmospheric conditions using the generic swirl burner have been performed. 
Different research methods, using Bunsen and swirl burners, have been used to inves­
tigate the influence of C 0 2 and H 2 addition to methane on fundamental combustion 
characteristics in turbulent swirling flames.
1. The correlations with Damkohler number of methane - carbon dioxide mix­
tures at 473 K, 573 K, 673 K tem perature and 3 bar and 7 bar pressure, 
ST =  0.87q'Da°12, has been found and compared with Zimont’s model. Lower 
power factors (0.12) in our correlation has been observed in comparison with 
0/25 for Zimont’s model. A possible explanation of that is the difference in 
experimental conditions, i.e. different pressure, temperature and fuel compo­
sition.
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2. The correlation with Karlovitz stretch factor of methane - carbon dioxide 
mixtures at 473 K, 573 K, 673 K tem perature and 3 bar and 7 bar pressure, 
St — 0.91q'(KLe)~015, has been found. Again through regression analysis, a 
slightly higher power factor of -0.15 has been found in comparison with the 
findings of other researchers [31]. which is likely to be related to the difference 
in operating conditions.
3. Turbulent burning velocity model ST = 0.52q'Da025 [32] has been used to 
compare with methane - hydrogen experimental data at 473 K, 573 K, 673 K 
temperature and 3 bar and 7 bar pressure. Statistical analysis has shown the 
the model fits the experimental data  reasonably well.
4. A generic swirl burner has been developed and used to test flame stability 
and flashback limits. The experiment results have shown that CO 2 addition 
reduces the flame flashback possibility primarily because of the lower burn­
ing velocities of methane - carbon dioxide mixtures. H 2 addition increases 
the flame flashback possibility primarily because of the increase in burning 
velocities of methane - hydrogen mixtures.
5. A first attem pt has been made to correlate the flashback and turbulent burning 
rate data, as fundamentally the two processes must be related. Uncertainties 
have been emphasised and discussed. The differences in results are likely to 
arise due to the following primary causes: the method used to derive flame 
front position, turbulent flow characteristics, flame regime, unburnt gas tem­
perature. Modifications are needed to the Bunsen type burner to produce 
flame conditions at flashback closer to those pertaining in swirl burners.
C 0 2 and 7/2 have clearly significant effect on methane flames, however due to 
the lack of experimental data at non-atmospheric conditions for premixed turbulent 
flames it is not easy to predict, the behaviour of these flames using commercial 
models.
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Experimental premixed turbulent combustion research data  are of considerable prac­
tical importance, as it provides useful information, which could be used for validation 
of turbulent combustion models or as input parameters. The closures of chemical 
source term in different models are of great importance and these models rely ul­
timately on experimental research [76]. Flame surface density E, turbulent flame 
thickness St  and other flame structure quantities are important parameters in nu­
merical investigation and modeling. Hence, it is desirable to create and record the 
database of these values for each flame category [77]. However, quality experimen­
tal data for model development and validation is not easily attainable, particularly 
under elevated ambient conditions.
In this chapter the investigation of the these parameters for 100% methane, 85% 
methane - 15% hydrogen and 70% methane - 30% hydrogen flames, tested over a 
range of pressures, temperatures and equivalence ratios, is reported. The Bray- 
Moss-Libby coefficient has been found and presented. The stretch factor 70, using 
equation 1.5 is calculated, and the correlations with St / S l ara plotted.
The experiments were conducted in the HPOC rig. Detailed description of exper­
iment rig and methods used is presented in chapter 3 and 4. Averaged flame image 
processing method was used to process and analyse the turbulent flame structures. 
Laminar flame speed SL has been calculated using Chemkin-Pro software and the 
laminar flame thickness Sl , has been calculated as described in chapter 5. Density,
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viscosity, mass diffusion coefficients and thermal conductivity of the combustible 
mixture at the required tem perature and pressure were calculated using polynomial 
fit coefficients available within Chemkin database or taken from the reference tables.
All experiment conditions for each fuel have been coded using 6 (for methane) 
and 7 (for methane - hydrogen mixtures) alpha-numerical code. For instance in 
the code “C43096” the first symbol "C” represents 100% methane-air mixture, sec­
ond “4” stands for 473 K temperature, third symbol “3” means 3 bar pressure and 
the last three digits “096” mean equivalence ratio 0 =  0.96. For 85% methane 
- 15% hydrogen mixture the first two symbols “1H” have been used. For exam­
ple “1H67103” represents 85% methane - 15% hydrogen mixture at 673 K, 7 bar 
conditions, (f> =  1.03. For 70% methane - 30% hydrogen mixture the first two sym­
bols “3H” have been used. The list of tested gases, experimental conditions and 
calculated nondimensional numbers are presented in Table 9.1
9.1 Progress variable and flam e brush thickness
Turbulent flame brush thickness is a flame characteristic used in premixed turbu­
lent combustion modelling and facilitates the derivation of spatial profiles of progress 
variable. It is as important as turbulent flame velocity [31]. There are several meth­
ods available to calculate flame brush thickness S t  from experimental data. Flame 
brush thickness can be estimated from the density variation using the maximum 
gradient method: St  — (pu — Pb ) /  \dp/dx\max. Gouldin and Miles [116] have used 
the simpler definition of St, which is equal to the distance along the axis between 
(c) — 0.1 and (c) =  0.9. Lee et al. [82] and Deschamps et al. [78] have defined S t 
as the distance between (c) =  0.05 and (c) =  0.95. Shepherd and Cheng [76] de­
fined flame brush thickness by the maximum gradient of (c), S t = l / (d(c)  /d z )max. 
Although different S t definitions have been used, Lipatnikov and Chomiak in their 
review paper [31] emphasized that spatial profile of the progress variable presented 
in the dimensionless form, approaches a universal curve corresponding to the error 
function under a wide range of conditions.
Shepherd [76] and Kostiuk [184] define the flame brush thickness St  relationship 
to the mean progress variable (c) using the equation:
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T able  9.1: Experimental conditions and results of 100% methane, 85% methane - 15%
hydrogen and 70% methane - 30% hydrogen mixtures.
Test T P <t> S l Sl u q' lo Re Da K Le St / S l
C43118 473 3 1.18 0.52 0.17 4.57 0.796 8 72 32 0.07 1.10 2.90
C43096 473 3 0.96 0.56 0.16 4.52 0.791 8 71 34 0.06 0.94 2.24
C43075 473 3 0.75 0.37 0.21 4.42 0.783 8 81 18 0.12 0.94 2.60
C63114 673 3 1.14 1.16 0.13 10.33 1.477 18 176 113 0.03 1.10 1.99
C63104 673 3 1.04 1.2 0.13 10.25 1.465 18 169 113 0.03 1.10 1.9
C63073 673 3 0.73 0.82 0.16 9.84 1.406 18 193 65 0.05 0.94 1.83
C47120 473 7 1.2 0.32 0.11 4.94 0.83 5 118 18 0.15 1.10 3.57
C47101 473 7 1.01 0.39 0.1 4.95 0.831 5 107 24 0.11 1.10 3.32
C47078 473 7 0.78 0.24 0.13 4.85 0.821 5 132 12 0.26 0.94 2.56
C57116 573 7 1.16 0.55 0.08 7.68 1.122 9 230 55 0.07 1.10 3.34
C57101 573 7 1.01 0.59 0.08 7.38 1.087 9 207 65 0.06 1.10 2.47
C57078 573 7 0.78 0.42 0.1 4.38 0.779 7 130 37 0.08 0.94 1.99
C53118 573 3 1.18 0.79 0.14 7.97 1.158 10 105 49 0.05 1.10 1.96
C53109 573 3 1.09 0.85 0.14 7.22 1.068 10 90 59 0.04 1.10 1.98
C53084 573 3 0.84 0.71 0.16 5.67 0.9 7 55 34 0.05 0.94 1.63
Test T P 4> S l Sl u q' lo Re Da K Le St / S l
1H63119 673 3 1.19 1.23 0.12 10.41 1.488 18 181 120 0.03 1.13 2.05
1H63102 673 3 1.02 1.31 0.12 10.82 1.55 18 177 123 0.03 1.13 2.43
1H63082 673 3 0.82 1.08 0.14 10.16 1.452 18 173 97 0.03 0.72 2.03
1H53119 573 3 1.19 0.85 0.13 7.89 1.148 11 114 62 0.04 1.13 2.1
1H53098 573 3 0.98 0.9 0.14 8.48 1.222 11 107 60 0.04 0.72 2.56
1H53081 573 3 0.81 0.71 0.16 7.32 1.079 11 104 46 0.06 0.72 2.04
1H43122 473 3 1.22 0.54 0.17 5.37 0.871 7 66 26 0.08 1.13 2.72
1H43100 473 3 1 0.62 0.15 5.25 0.859 7 65 34 0.06 0.72 2.54
1H43082 473 3 0.82 0.48 0.17 4.16 0.76 7 65 25 0.08 0.72 2.14
1H67122 673 7 1.22 0.81 0.07 11.02 1.58 - - - - 1.13 3.29
1H67103 673 7 1.03 0.94 0.07 13.92 2.069 - - - - 1.13 2.96
1H67079 673 7 0.79 0.69 0.08 10.12 1.446 - - - - 0.72 2.32
1H57121 573 7 1.21 0.55 0.08 8.31 1.2 10 273 54 0.07 1.13 3.63
1H57099 573 7 0.99 0.62 0.07 9.96 1.423 - - - - 0.72 3.29
1H57080 573 7 0.8 0.47 0.09 7.42 1.091 10 258 46 0.08 0.72 3.37
1H47123 473 7 1.23 0.32 0.11 6.92 1.034 8 235 22 0.17 1.13 4.86
1H47106 473 7 1.06 0.42 0.09 7.9 1.149 8 243 33 0.12 1.13 4.19
1H47086 473 7 0.86 0.34 0.1 5.47 0.88 6 155 23 0.13 0.72 4.16
Test T P 4> S L Sl u q’ lo Re Da K Le S t / S l
3H63125 673 3 1.25 1.3 0.12 13.89 2.063 18 238 99 0.04 1.18 2.44
3H63099 673 3 0.99 1.46 0.11 14.64 2.203 18 247 107 0.04 0.59 2.38
3H63082 673 3 0.82 1.21 0.13 11.16 1.602 18 183 106 0.03 0.59 2.25
3H53120 573 3 1.2 1 0.12 12.08 1.749 15 219 71 0.05 1.18 2.53
3H53103 573 3 1.03 1.08 0.12 13.72 2.032 15 235 68 0.06 1.16 1.94
3H53083 573 3 0.83 0.86 0.14 9.48 1.355 15 169 68 0.05 0.59 2.16
3H43124 473 3 1.24 0.61 0.16 7.33 1.081 7 78 25 0.09 1.18 2.65
3H43101 473 3 1.01 0.71 0.12 7.98 1.159 7 95 35 0.07 1.16 2.57
3H43090 473 3 0.9 0.63 0.14 5.36 0.87 7 69 36 0.06 0.59 2.33
3H67122 673 7 1.22 0.93 0.06 14.16 2.113 - - - - 1.18 3.49
3H67101 673 7 1.01 1.03 0.06 16.97 2.673 - - - - 1.16 3.67
3H57123 573 7 1.23 0.62 0.08 11.21 1.61 - - - - 1.18 3.81
3H57103 573 7 1.03 0.73 0.07 13.4 1.975 - - - - 1.16 3.5
3H47123 473 7 1.23 0.4 0.1 8.27 1.195 8 239 28 0.14 1.18 4.6
3H47099 473 7 0.99 0.48 0.08 8.53 1.228 8 256 38 0.1 0.59 4.17
3H47085 473 7 0.85 0.39 0.09 6.72 1.011 8 230 33 0.11 0.59 4.3
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<c) = 1 +  exp
—A (x — x *) - l
(9.1)
d j i
where the coefficient A — 4, x  is the coordinate along the burner axis, x* is the 
value of x  where mean progress variable (c) =  0.5. Some researchers have reported 
that the coefficient A  should be 5.5 or even 6 [78].
Profiles of the mean progress variable for near stoichiometric flames along the 
burner axis at different pressures and tem peratures are presented in Fig. 9.1. Here 
the simple flame brush thickness definition St  — ^(c=o.95) — ^ (c=o.os) is utilised. Mark­
ers represent experimental data and the lines have been calculated using the equa­
tion 9.1.
In general the experimental data fit the predictions using equation 9.1 well. 
In our experiments the value of A has been found to vary mostly between 5 and 
6, with the average being A = 5.8 for all mixtures and conditions. Therefore, a 
single value of A — 5.8 has been chosen to represent the relation of (c) and St - 
For some mixtures, for instance “C63114" and “C63104” the coefficient has derived 
values above 7, however no consistent correlation of any increase due to pressure, 
temperature, equivalence ratio or hydrogen content in the mixture has been observed 
within this dataset.
Another representation of the mean progress variable profile normalised by the 
dimenensionless distance, ip = (x — x *)/St , is shown in Fig. 9.2. Lipatnikov and 
Chomiak [31] suggested representing the relationship between mean progress vari­
able and flame brush thickness using the error function. Here curve fitting was 
undertaken using the equation:
(c> =  \  ( e r f ( C t )  +  1) (9.2)
where C is the coefficient.
A similar approach has been adopted by other researchers [85]. The best fit 
of the data utilising equation 9.2 has been derived, utilising regression analysis to 
calculate the value of coefficient C.  For the flames considered the average magnitude 
of coefficient has been found to be C  =  2.43, and the value of the coefficient varied 
between 2.0 < C < 3.6 (Fig. 9.2). Again the highest values C  have been observed 
for “C63114” and “C63104” mixtures. As discussed above no consistent correlation
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Figure 9.1: Evolution of the mean progress variable (c) along the burner axis. Markers 
represent the values obtained from  the experim ents, solid lines represent the data calculated 
by formula 9.1, using coefficient A =  5.8.
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Figure 9.2: Progress variable profiles vs dimensionless distance, The fitting curve 
has been calculated by formula 9.2, coefficient C =  2.43 (bold line), C = 3.6 (dashed line) 
and C =  2.0 (dotted line) have been used to draw a fitting lines. Dots represent the data 
points calculated for lean and rich 100% methane, 85% methane - 15% hydrogen and 70% 
methane - 30% hydrogen mixtures.
between pressure, temperature, equivalence ratio or hydrogen content and coefficient 
magnitude was found.
From this dataset, it may be concluded th a t the flame brush thickness can be 
reasonably represented using either equation 9.1 or equation 9.2. For both correla­
tions, the calculated coefficients A  and C  are similar to those found at atmospheric 
conditions [78]. It implies that, for the range of conditions tested, the pressure and 
temperature had little influence on flame brush thickness.
9.2 Flam e surface density
It has been reported previously th a t the flames studied in this research programme 
fall into the ’corrugated flamelets’ regime [41]. For flames in the flamelet regime, 
the mean chemical reaction rate can be defined thus:
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(w) = pRS LIoE (9.3)
where pr  is the gas density of reactants, S l  is unstretched laminar flame speed, Jo is a 
flamelet stretch and curvature correction term, and E is flame surface density. Flame 
surface density is defined as infinitesimal flame surface area, 6 A , per infinitesimal 
unit volume, 8 V ; E = 6 A / 8 V . Alternatively, in two dimensions it could be defined as 
infinitesimal flame front length, 8 L , per infinitesimal surface area, 8  A, E2d = 8 L / 8 A. 
An algebraic expression of flame surface density is:
E =  9—  ^  (9.4)
O y L y
where the term oy is the orientation factor, i.e. mean direction cosine between flame 
front and the local (c) contour, Ly is the characteristic length related to the flame 
wrinkling, g  is the constant in the order of unity.
The balance equation of the flame surface density, as defined by Pope [117], can 
be expressed as:
E =  (| Vc| • 8  (c — c*)) (9.5)
where Vc is the spatial flame front gradient, and 8  (c — c*) is the Dirac delta 
function which represents the instantaneous flame position with c* = 0.5
We have defined the flame surface density from the tomographic images using 
the method described by Shepherd [79] and later by Lachaux et al. [84]. First, a
progress variable contour map is obtained, with (c) ranging from 0.05 to 0.95 with
the interval of 0.1. The areas, A ((c)), between adjacent isolines of progress variable 
are calculated. Then the instantaneous flame front contours are superimposed on 
the (c) contour map, and the length of the flame front contour line, L((c)),  falling 
within the area of interest, is calculated. The procedure is repeated for all areas. 
This method allows calculation of two dimensional flame surface density:
^ ( ( c»T>2D — ----7  // yT (9-6)n / L  ((c))
where E2d  is the two dimensional flame surface density, and ri f  is the number of 
flame images.
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Figure 9.3: Flame surface density £  and BML coefficient g / (oyLy) of methane at dif­
ferent conditions and equivalence ratios.
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15% hydrogen mixture at different conditions and equivalence ratios.
178
CHAPTER 9. Analysis o f turbulent flame structure at elevated temperature and
_____________________________   pressure
-O-3H43101
3H43090
-V-3H53103
3H63099
A-3H47099
3H47085
-{V3H 57123
-*-3H67101
©  0.2
Progress variable
(a) flame surface density E
-O-3H43101 
•0-3H43090 
-V-3H53103 
3H53083 
-©-3H63099 
-<J- 3H63082 
-A-3H47099 
—t—3H47085 
-►3H57123 
-* * - 3H67101
0.2 0.4 0.6
Progress variable
(b) BML coefficient g/  (<xyL y)
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To obtain the three-dimensional flame surface density, the orientation angle 6  
must be found. This angle cannot be calculated without either three dimensional 
measurements or assumptions [87]. The cosine of the orientation angle for the Bun­
sen burner, calculated from experimental results and numerically by several re­
searchers [78, 86, 87, 90], has been found to be around 0.7. Hence, in the absence 
of three-dimenionsal measurements, we have assumed this value in our calculation. 
The flame surface density has thus been calculated as follows:
E =  < S )  <9-7)
FSD graphs for some methane and methane hydrogen mixtures are presented in 
Fig. 9.3a, 9.4a and 9.5a. In general, large da ta  scattering is noted for pure methane 
data compared to the other mixtures, which is consistent with the earlier discussions 
concerning tin; flame brush thickness results. The reason for these differences for 
the pure methane data needs further investigation. Flame surface density variations 
for different experiment conditions are quite considerable. It has been noticed tha t 
pressure augmentation increases the flame surface density for methane - hydrogen 
mixtures slightly, which is consistent with the albeit limited data from other re­
searchers [87]. This effect is believed to occur due to the influence of pressure on 
the turbulence length scales, which become smaller a t high pressure [17, 35]. There­
fore the flame wrinkledness increases, and the flame area in the same space volume 
increases, which leads to the increase of the flame surface density. Length scale mea­
surements at the centreline of the burner have shown little change of integral length 
scale [41], which implies tha t the flame wrinkledness has not changed significantly. 
No noticeable effect of the initial gas m ixture tem perature on the flame surface den­
sity has been observed in these experiments. This could be due to the negligible 
influence of tem perature on flame structure at elevated pressure, noted elsewhere 
[185]. However larger flame surface density has been found for methane at 3 bar 
473 K than at 7 bar, in contrast to the observed trends for methane - hydrogen 
mixtures. The dataset is too sparse to draw generalised conclusions concerning this 
behaviour. In general, hydrogen addition reduces the flame surface density fluctu­
ations at different pressure and tem perature. This implies that hydrogen addition 
has a stabilising effect on flame surface density, which varies with pressure, and tha t
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the flame surface density become less susceptible to pressure and temperature effect 
the higher the hydrogen content.
There is some evidence th a t hydrogen addition to methane increases the FSD [20]. 
However this has not been observed in these experiments. The flame surface density 
for 15% and 30% hydrogen-methane mixtures have not varied much. Therefore it 
is difficult to conclude from our data, tha t hydrogen content changes the flame sur­
face density. However significant differences can be seen between pure methane and 
methane - hydrogen mixtures. Flame surface density peaks at around (c) =  0.5 —0.6 
for hydrogen-methane mixtures and the m ajority of pure methane experiments. This 
behaviour has been reported by other reseachers [20, 78, 82]. However peaks at 
(c) =  0.4 — 0.5 are observed for “C63104” .
From flame surface density the the Bray-Moss-Libby (BML) model coefficient, 
g/ (oyLy) = £ /  ((c) (1 — (c))), can be calculated. This coefficient is presented in 
Fig. 9.3b, 9.4b and 9.5b. Again, consistent with the other flame characteristics, 
larger data distribution is seen for pure methane data. The coefficient is almost 
constant for all investigated mixtures from (c) =  0.2 to (c) =  0.8, which agrees with 
the findings of other researchers [78]. The Bray-Moss-Libby (BML) coefficient is 
slightly higher for pure methane gas and falls in the range of 1.0-1.8 m m -1. For 
methane - hydrogen mixtures, the coefficient is in the range of around 1.0-1.4 ram -1. 
It is difficult to quantify the tem perature, pressure and equivalence ratio effect on 
the BML coefficient as their influences are very small.
From the BML coefficient Ly can be estimated. If g is in the order of unity and 
Gy =  0.7, then the characteristic length Ly «  1 .0 -  1.4. Comparing this value with l0 
(Fig. 6.6) it is seen th a t the difference in the magnitude is tenfold. The explanation 
of this discrepancy might be th a t /0 have been measured under isothermal conditions, 
which does not fully represent the real combustion conditions. The measurement 
postion may have influenced the accuracy of measurements as well. Notwithstanding 
these potential sources of error, these trends are believed to be valid.
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9.3 F lam e stretch  factor
It has been deduced tha t all flames in the current experimental dataset fall into 
the flainelets regime [41]. Therefore for the flames in the flamelet regime the mean 
chemical reaction rate can be defined from the equation 9.3. From this equation 
the chemical description, PuS l Io, and flame and turbulence interaction, E, can be 
decoupled [124]. Therefore, assuming tha t global and local consumption speeds are 
the same [77], the turbulent consumption speed, ST , can be related through the 
equation 1.5 to the unstretched laminar burning rate, S l , and the flamelet structure 
quantities flame surface density, E, and the stretch factor, / 0.
0.8
0.4
0.2
(x-x*)/a
Figure 9.6: Gaussian fitting curve. Normalised distance in axis line X, and normalised 
flame surface density. E /E  max, in axis line Y.
To calculate the integral of the flame surface density, at first Gaussian fitting has 
been applied, as proposed by Shepherd and Cheng [76]. E has been normalised by 
its maximum value, E /E mai, and the distance has been normalised by the standard 
deviation, cr, of the Gaussian function. The correlation derived for some experimen­
tal conditions is plotted and presented in Fig. 9.6. The integral of the Gaussian 
fitting curve to find f  E may now be evaluated.
S t / S l ratio has been calculated from the experiments and numerical computa-
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Figure 9.7: Stretch factor, Iq, correlation with St / S i  of methane flames.
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Figure 9.8: Stretch factor, 7o, correlation with St / S l of 85% methane - 15% hydrogen 
mixture flames.
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Figure 9.9: Stretch factor, Iq, correlation with S t / S i  of 70% methane - 30% hydrogen 
mixture flames.
tion of Sl• As the J £  is also known, the stretch factor Iq can be estimated using 
equation 1.5. The computed values of /o as a function of S t / S l  are presented in 
Figs. 9.7, 9.8 and 9.9.
More data  scattering is noted for methane air mixtures than for mixtures con­
taining hydrogen. Consistent augmentation of stretch factor is seen with increasing 
St/Sl ratio. For all mixtures at 3 bar pressure, Iq is approximately unity. The tem­
perature is observed to have little effect on Iq. However for increased pressure, Iq 
increases from unity to approximately 2 for C H 4 and up to 2.5 for 70%CH4~30%H2 
as S t / S l  increases. It implies that hydrogen enrichment increases Iq. The more sig­
nificant increase in Iq is seen at 7 bar 473 K. At 7 bar pressure the temperature 
effect is more pronounced, that is the higher tem perature weakens the stretch fac­
tor. Almost linear increase of Iq independent of gas mixture is observed.
It has been proposed that Iq may be correlated to Markstein and Karlovitz 
numbers using [76]:
Iq =  1 -  0.28M clK cl (9.8)
From Figs. 9.7, 9.8 and 9.9 it is seen th a t Iq is higher than 1 in most cases. As
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K a  numbers are positive, M a  numbers must be negative. Higher hydrogen quantity 
in methane increases Iq s o  reducing M a  number and increasing the burning veloc­
ity. M arkstein numbers decrease as the pressure increases and negative Markstein 
numbers increase the burning velocity [29]. The increase of S t  of lean methane - 
hydrogen mixtures with increasing pressure has been reported elsewhere [41].
9.4 C onclusion
Turbulent flame brush thickness and flame surface density of methane and methane 
- hydrogen mixtures a t 473 K, 573 K and 673 K temperatures, and 3 bar and 7 bar 
pressures for a Bunsen burner turbulent flame has been derived.
•  Flame brush thickness measurement have shown that pressure, temperature 
and hydrogen addition has little effect on methane and methane - hydrogen 
flame structure for the tested Bunsen burner. The coefficients used in the 
generalised equations for the determination of flame brush thickness have been 
found and compared with the findings of other researchers.
•  Flame surface density and BML coefficients have been found for tested methane 
and methane - hydrogen mixtures. No significant temperature, pressure and 
equivalence ratio effect has been observed. Larger FSD and BML coefficient 
data  scattering has been found for pure methane, which requires further in­
vestigation.
• Flame stretch factor Iq has been derived. The analysis of Iq revealed tha t it 
is directly proportional to the normalised turbulent burning velocity, S t / S l , 
which increases with increasing pressure, but is not affected by temperature 
very much under the conditions studied in this experimental programme.
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10.1 C onclusion
This work has been undertaken to investigate the laminar and turbulent combus­
tion characteristics of alternative fuels. Five fuel mixtures have been tested: 100% 
methane, 85% methane - 15% carbon dioxide, 70% methane - 30% carbon dioxide, 
85% methane - 15% hydrogen and 70% methane - 30% hydrogen for a range of 
equivalence ratio.
Numerical computation of laminar flames characteristics: laminar burning ve­
locity and laminar flame thickness, at atmospheric and elevated temperature and 
pressure conditions (298 K, 473 K, 573 K, 673 K tem perature and 1 bar, 3 bar, 7 
bar pressure) have been performed using Chemkin-Pro numerical tool.
Three series of tests have been performed. Bunsen burner experiments at two 
pressures 3 bar and 7 bar and three tem peratures 473 K, 573 K and 673 K were con­
ducted using High Pressure Optical Combustor a t the Gas Turbine Research Centre. 
Two different measurement techniques were applied. First, a non-intrusive 2-D laser 
diagnostic technique, Laser Doppler Anemometry, was utilised to determine both 
the velocity profile and turbulence characteristics at the exit of the burner at ele­
vated pressures and temperatures. Secondly, planar laser tomography was applied 
in order to measure the turbulent burning velocity for the different gas mixtures at 
a range of temperatures and pressures.
Bunsen burner experiments a t atmospheric conditions were performed in the 
Cardiff University laboratory. Two different measurement techniques were applied.
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Laser Doppler Anemometry was used to investigate three burner nozzles 10 mm, 
15 mm and 25 mm diamter and two turbulence plates. Laser Induced Fluorescence 
tuned for OH radicals was used to obtain turbulent and laminar flame images.
A generic swirl burner was used to test flashback and blowoff limits of alternative 
fuels. Flame imaging was used in order to record these conditions. A new method 
to estimate the burning velocity was tested.
Novel image processing technique was utilised to calculate the flame front area of 
the flame. The technique was based on calculating the side area of the pixels, which 
compose the binary flame image. Two different approaches were tested. Statistical 
method was compared with the averaged method. Statistical method is based on 
calculation of the flame front area of every single image. The set of flame areas 
consisting of variables is treated using statistical methods, i.e. mean, median and 
other statistical quantities could be found. Averaging method is based on the average 
image, which is obtained by superimposing all available images and calculating the 
mean image from them.
From the numerical calculation and experimental data results it is concluded:
• Chemical kinetic mechanisms used in numerical calculations comprise an im­
portant part in combustion research, therefore it is very important to correctly 
select suitable mechanism for every conditions and fuel composition. The re­
search has shown that GRI-Mech v3.0 kinetic mechanism is suitable for the 
investigation of methane and methane diluted with carbon dioxide (up to 30%) 
or enriched with hydrogen (up to 30%) flames at atmopsheric and elevated 
tem perature and pressure conditions.
• A new image processing technique consisting of statistical and averaging meth­
ods has been developed and tested at atmospheric and elevated temperature 
and pressure conditions. The test has shown tha t both methods are compara­
ble and suitable for turbulent flame burning velocity calculation in wrinkled 
and corrugated flamelets regime. Averaging method can be used to calculate 
flame; brush thickness and the; flame surface density, and statistical method 
provides the information about the flame; area fluctuations in time.
• Experiments conducted under elevated temperature and pressure have shown
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the reduction in turbulent burning rate induced by carbon dioxide addition 
to methane for a variety of equivalence ratios. Increase in initial ambient gas 
tem perature significantly increases turbulent burning velocity, while increase 
in ambient pressure induces a reduction. Methane and methane - carbon 
dioxide mixtures demonstrate similar trends with respect to the influence of 
ambient conditions. Hydrogen addition to methane has been found to consid­
erably increase turbulent burning velocity even for small volumes of hydrogen 
addition. For lean hydrogen-methane mixtures, an increase in temperature or 
pressure augments turbulent burning velocity, whereas the influence of ambient 
pressure is minimal for rich mixtures.
•  Burning velocities of methane-hydrogen mixtures conducted at atmosperic 
conditions was found to be higher than with pure methane as expected. Small 
quantities of hydrogen in the gas mixture (15%) increased St  by approximately 
25-30% comparing with the pure methane. St  of gas mixture with 30% hy­
drogen increased by 50-55% compared with pure methane. These results agree 
very well with the data obtained at elevated temperature and pressure con­
ditions, where similiar increases in S t  were observed. Methane - hydrogen 
mixture results show good agreement with data  from Kobayashi et al. [34], 
who used the Bunsen burner method for quantifying turbulent burning veloc­
ity. This finding reveals that the PLIF method combined with the novel flame 
front area location method is promising and could be used for the creation 
of a database of St  for alternative fuels at atmospheric as well as at elevated 
tem perature and pressure conditions.
•  A generic swirl burner has been developed and used to test flame stability 
and flashback limits. The experiment results have shown that CO2 addition 
reduces the flame flashback possibility primarily because of the lower burn­
ing velocities of methane - carbon dioxide mixtures. H 2 addition increases 
the flame flashback possibility primarily because of the increase in burning 
velocities of methane - hydrogen mixtures. An attem pt has been made to 
correlate the flashback and turbulent burning rate data, as fundamentally the 
two processes must be related. Uncertainties have been emphasised and dis­
cussed. The differences in results are likely to arise due to the following primary
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causes: the method used to derive flame front position, turbulent flow char­
acteristics, flame regime, unburnt gas temperature. Modifications are needed 
to the Bunsen type burner to produce flame conditions at flashback closer to 
those pertaining in swirl burners.
•  Flame brush thickness, flame surface density and BML coefficients have been 
found for tested methane and methane - hydrogen mixtures at elevated condi­
tions. Measurement have shown that pressure, temperature and hydrogen ad­
dition has little effect on methane and methane - hydrogen flame structure for 
the tested Bunsen burner and no significant temperature, pressure and equiv­
alence ratio effect has been observed for FSD and BML coefficient. Larger 
FSD and BML coefficient data scattering has been found for pure methane, 
which requires further investigation. Flame stretch factor I0 has been derived. 
The analysis of f 0 revealed that it is directly proportional to the normalised 
turbulent burning velocity, S t / S l , which increases with increasing pressure, 
but is not affected by temperature very much under the conditions studied in 
this experimental programme.
10.2 Future work
This work has contributed to the understanding of pressure and temperature effect 
011 premixed laminar and turbulents flames, however it also revealed some uncer­
tainties and limits, which need to be addressed in the future.
1. The first question is how does the exit velocity profile affect the turbulent 
burning velocity measurements for Bunsen type burner flames. Obviously in 
Bunsen burner turbulent flows characteristics must be maintained constant for 
all exit velocities, therefore turbulence generation system must be carefully 
designed. It is especially im portant for low exit velocity flows as in these 
cases nearly laminar or transition flows prevail, when using conventional design 
turbulence plates.
2. Another related problem is the integral length scale measurements for the 
Bunsen burner. Some uncertainties have been shown in this work. It is im-
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portant to measure integral length scales in the regions where the flame front 
actually exists. A conventional LDA system has not been able to provide 
accurate results of integral length scale in the regions where the shear layer 
forms. Therefore more advanced double LDA system capable of measuring 
longitudinal or transverse integral length scales or PIV system could be used 
in order to clearly define the turbulence processes at the shear layer or at flame 
front.
3. Seeding of the flow is necessary in order to measure velocity or get tomographic 
flame images. However seeding effect 011 turbulent burning velocity was not 
dicussed thoroughly. Simultaneous PLT and PLIF experiments would help 
to better understand this effect and to evaluate its influence on premixed 
combustion.
4. When performing PLIF experiments a narrow laser sheet has been obtained, 
which has limited the measurement area. The wider laser sheet is necessary to 
study turbulent flames. It however may affect the laser sheet power required to 
excite OH radicals and image intensity could drop. Therefore more powerful 
pumping laser might be needed in order to increase laser sheet power and 
to obtain suitable images. When considering simultaneous PLIF and PIV 
experiments, which could be helpful in understanding turbulent flames, much 
faster or double cavity laser should be used.
5. One of the limitations of PLT and PLIF methods nowadays is the two di­
mensionality. The estimation of burning velocities or investigation of flame 
structures, especially for turbulent flames, depends on many assumptions. 
Therefore more advanced three dimensional methods are needed in order to 
overcome these limitations. Stereo PLIF system could be one of the options.
6. Lean combustion is of primary importance, therefore deeper investigation of 
lean gaseous alternative fuels (most probably hydrogen and carbon monoxide 
enriched or carbon dioxide diluted methane or natural gas) at different ambient 
conditions for different turbulence levels is needed. Turbulence intensity is one 
of the most important characteristics for turbulent flames. The results of the 
burning velocities depend on the ambient conditions and turbulence intensities.
190
 ___________________________CHAPTER 10. Conclusions and future work
These must be collected in an alternative fuel database, which could be a useful 
tool for the validation of models and numerical calculations.
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T his s tu d y  has b een  undertaken to  investigate  turbulent burning ve­
locities o f  a ltern a tiv e  gaseous fuels at e levated  tem perature and pressure  
using th e  e stab lish ed  B u n sen  burner m ethod . T he experim ents were con­
ducted  in th e  in d u stria l sca le H igh P ressu re O ptical Cham ber (H PO C ) 
at the G as T urbine R esearch  C entre (G T R C ) o f  Cardiff University. F ive  
different gaseous fuels: m eth an e, tw o m ethane - carbon dioxide m ixtures  
and tw o m eth an e  - hydrogen  m ixtures w ere stu d ied . E xperim ents were 
conducted  at tw o d ifferent tem p eratu res (473 K and 673 K ), and two dif­
ferent pressures (3 bara and 7 bara). A n alysis o f  m easurem ents m ade using  
100% m eth an e show ed  an tic ip ated  burning velocity  trends w ith  variation  
in tem p era tu re  and pressure. T he resu lts reported  here showed reasonable  
agreem ent w ith  th e  correlations proposed  by P eters and Zimont e t al., al­
though  th e  b urn ing  v e lo c itie s  recorded by K obayashi et al. were som ew hat 
higher. T h e sto ich iom etric  flam es considered  were all purposely contained  
w ithin  one flam e regim e on th e  B orgh i-P eters diagram  nam ely the corru­
gated  flam elet reg im e, through  appropriate choice o f operating conditions. 
H ydrogen en rich m en t and carbon d ioxide d ilu tion  o f m ethane show som e  
ex p ected  tren d s, b u t o th ers w hich require further consolidation and study.
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A s ex p ec ted , d ilu tion  o f  m eth an e  w ith  carbon dioxide reduces the measured  
burning velocity . H ow ever, increasing  pressure and tem perature in th is case 
have com p etin g  effects w ith  tem p era tu re  raising the burning velocity and 
pressure reducin g it. C om parison  o f  th e  resu lts presented here are con­
sisten t w ith  th e  q u a lita tive  tren d s recen tly  reported  by K obayashi et al., 
but exh ib it q u an tita tive  d ifferences th ou gh t to  be due to  experim ental and  
data analysis d ifferences. H ydrogen  enrichm ent o f the m ethane leads to  a 
significant increase in th e  m easured  burning ve loc ity  com pared to  m ethane, 
as antic ipated . C om parison  w ith  th e  resu lts  o f Shy et al. and K ido et al. 
show reasonable agreem ent w ith  th e  m easurem en ts reported here, also w ith  
those o f  other researchers. Our m easurem en ts show  that increases in tem ­
perature and pressure in d ep en d en tly  lead to  increased turbulent burning  
velocity, w ith  a m ore pronounced effect o f  pressure for lean flames.
N om enclature
A Flame area, m 2
a, b Fraction ratio
£>io Arithmetic mean diameter
h Pixel height, mm
lo Integral length scale, m
Le Lewis number
k Number of pixel rows in the image
M Molar mass, g/m ol
m Mass flow rate, kg /s
n Number of pixels
q' Averaged turbulence intensity, m /s
R ( t ) Autocorrelation function
r Burner radial position, m m
S L Laminar burning velocity, m /s
St Turbulent burning velocity, m /s
u, V Instantaneous axial and radial velocity, m /s
U , V Mean axial and radial velocity, m /s
If', v1 Fluctuating axial and radial velocity component, m /s
Urmsi Vrms Axial and radial turbulence intensity, m /s
V Volume flow rate, m 3/s
w Pixel width, mm
X Molar fraction
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Y  Mass fraction
Laminar flame thickness, m m  
O Equivalence ratio
To Integral time scale, s
t Lag time, s
p Density, k g /m 3
p ( t ) Autocorrelation coefficient
Subscript
rm s root mean square
st stoichiometric
R reactants
I. In troduction
In d u s t r i a l  gas turbines have been increasingly used for a wide range of power generation and mechanical drive applications. However, with growing concerns regarding global 
warming and energy security, a new range of alternative fuels are being considered for use in 
such devices. Such fuels can be divided broadly into two groups; those containing methane 
diluted with an inert gas, often carbon dioxide in bio-derived fuels, and those containing 
methane enriched with hydrogen. Environmental constraints for gas turbines mean that 
NO x production must also be considered implying tha t such fuels should be burnt using 
current lean premixed technology. A key parameter in the design of such systems, influencing 
flame stability and position, is the turbulent burning velocity.
The current study has been undertaken to investigate turbulent burning velocities of 
gaseous fuel mixtures with significant carbon dioxide dilution or hydrogen enrichment at 
elevated temperature and pressure using the established Bunsen burner method. The test 
programme has been carried out on behalf of a 23-partner EU progamme.1 The aim of this 
work is to add to the understanding of the turbulent burning velocities of alternative fuels 
over a range of equivalence ratios, temperatures and pressures.
There have been many attem pts to investigate laminar and turbulent methane flames,2,3 
methane and carbon dioxide mixtures,4 methane and hydrogen mixtures5 9 and even syn­
thetic gas fuel mixtures10 at atmospheric and non atmospheric conditions.
Laminar methane flames were investigated by Egolfopoulus et al.2 under both reduced 
and elevatcxi pressures using counterflow flame methodologies. Their study illustrated the 
influence of pressure 011 the laminar burning velocity, which decreases with increasing pres­
sure. Kobayashi3 investigated turbulent flames using a Bunsen burner technique and showed
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that turbulent and laminar flame ratio St / S l is pressure dependant and rises with increas­
ing pressure. The study also showed that flame shape becomes more wrinkled at higher 
pressures.
The effect of carbon dioxide dilution on turbulent premixed flames was studied by 
Kobayashi et al.4 using the Bunsen burner technique at elevated pressure and tempera­
ture. They reported that S t / S i  decreased when air was diluted with CO2 at 5 bara 573 K. 
This counter-intuitive result is explained principally through the effect of local flame stretch 
that reduces local burning velocity.
Burning rates of methane and hydrogen mixtures have been investigated previously, 
though few at elevated ambient conditions. Mandilas et al.8 performed turbulent premixed 
flame experiments in a combustion chamber at 5 bara pressure with 5% of hydrogen by mass 
added to methane. The peak burning velocity occurred at </> =  0.85. They concluded that 
hydrogen addition has a larger effect on burning velocity for lean flames and little effect 
for rich flames. A Bunsen burner type flame was used in the experiments of Halter et al.6 
to investigate turbulent premixed methane - hydrogen flames. An increase in St /S l with 
hydrogen addition for elevated pressures of 3 and 5 bar was observed.
Several different methods have been utilised previously to identify the flame front of 
Bunsen type burner premixed turbulent flames. A popular approach to identify the average 
flame front is to superimpose raw flame images3,11 and calculate the threshold based on the 
ensemble average of the mean and maximum signal intensities.12
Another common technique is to binarize raw images using bimodal intensity histograms13 
or to define the image conversion threshold value using manual or automatic methods. These 
binary images are subsequently averaged. The burning velocity can then be calculated using 
the flame cone angle method14 or by rotating the averaged image around its central axis.11 
Most of the methods found in the literature rely on flame averaging. This flame averaging 
technique, the so called “Averaged Flame Shape” method, was initially applied to calculate 
the average flame front area for the current data-set. However, another method, a so-called 
“Average Flame Area” technique, was developed to process images and is considered more 
reliable in this study, hence utilised throughout.
II. Experim ental m ethodology
In this experimental programme, five different gaseous fuels were tested over a range 
of pressures and temperatures. Approximately 20 data sets were generated for each gas 
mixturca: 100% methane, 85% methane - 15 % carbon dioxide, 70% methane - 30 % carbon 
dioxide, 85% methane - 15% hydrogen and 70% methane - 30% hydrogen were carried out
"all by volume
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for lean and rich mixtures from 0.65 to 1.45 equivalence ratio at different pressures and 
temperatures (Table 1).
T able 1 In vestigated  gas m ixtures
Gas mixture c h 4, % co2, % h 2,% Pressure, bara Temperature, K
100 %CHa 100 0 0 3, 7 473, 673
85%C//4-15%C02 85 15 0 3 ,7 473, 673
70%C//4-30%C02 70 30 0 3 ,7 473, 673
85%C//4-15%//2 85 0 15 3, 7 473, 673
70%CH4-30%H2 70 0 30 3, 7 473, 673
A . T est facility
The tests were performed in the High Pressure Optical Chamber (HPOC), integrated 
within the HPCR (High Pressure Combustion Rig) which is located at the Gas Turbine 
R(‘search Centre (GTRC) of Cardiff University in Port. Talbot, Wales, UK.
The HPOC consists of a horizontally mounted burner firing into an inner combustion 
chamber, enclosed within an optical pressure casing. The HPOC can operate with working 
pressures of up to 16 bara and inlet temperatures of up to 900 K. The pressure casing is 
a cylindrical geometry with four opposed quartz windows, affording excellent optical access
(Fig- !)•
The optical combustion section is connected to a compressor and heat exchanger, allowing 
combustion air to be preheated to required operating temperatures. The inner combustion 
chamber is of rectangular form and has four internal quartz windows which align with the 
outer casing, giving full optical access to the combustion chamber. The width and the height 
of the combustion chamber is 150 mm. The inner combustion chamber is constructed from 
aero-grade stainless steel sheet allowing (if required) external cooling air to pass into the 
combustion chamber, mimicking the behaviour of practical gas turbine combustors. The 
flame is thus confined to the combustion chamber. The internal windows are continuously 
purged with air during the tests to ensure they are kept clear of any deposits of seed. 
Extensive experience with the rig shows that the windows purge has little effect on measured 
values. A simple Bunsen type burner is fired into the combustion chamber (diameter 25 mm). 
The burner is fitted with an annular pilot which supplies a methane diffusion flame to aid 
stability while adjusting the operating conditions. This pilot is switched off prior to making 
measurements.
The main burner is fed a premix of fuel and air via a turbulence mixing plate, 50 mm 
diameter, with 53 holes each of 1.5 mm diamtcr and blockage ratio 95%. This creates
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Gas supply 
Seeded air Outer
Preheater
Burner
Turbulence plate
Outer shell window
Combustion chamber glass 
Perforated walls
Main air supply
Combustion air
Combustion chamber 
shell window
Fig. 1 C ross section  o f th e H igh P ressure O ptical Cham ber
purgeThermocouple Window purge supply Window purge supply
Pilot flame outlet
Pilot gas supply Ignitor Pilot flame outlet Ignitor
Fig. 2 D eta iled  com bustor geom etry
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uniform turbulence and aids in the mixing of the reactants. The fuel gas supply is connected 
to a mixing chamber upstream of this plate. Preheated air for combustion, which is seeded 
with aluminium oxide particlesb, is delivered through the preheater to the top of the mixing 
chamber of the burner. A more detailed burner and combustor geometry is presented in 
Fig. 2.
The air supply for both the HPOC and burner is pressurised by the main facility com­
pressor which is capable of delivering 5 kg/s at 16 bar(a) pressure. Seeded air for combustion 
is delivered by an auxiliary compressor. Fuel gases are supplied from premixed cylinders. 
The overall scheme for the rig is shown in Fig. 3.
Control room
Preheated air supply Z Z
 « Gas supply
Fig. 3 E xperim ental setup . 1 - D ata acquisition and laser control system , 2 - LDA laser, 3 
- LDA laser processor, 4 - LDA laser probe, 5 - Sheet laser controller, 6 - Sheet laser, 7 - 
H igh-speed d igital cam era, 8 - D ata logger, 9 - C om bustion air preheater, 10 - High pressure 
optical com bustor.
Two different measurement techniques were applied. First, a non-intrusive 2-D laser 
diagnostic technique, Laser Doppler Anemometry (LDA), was utilised to determine both the 
velocity profile and turbulence characteristics at the exit of the burner at elevated pressures 
and temperatures. A Dantec laser system was used for this purpose. Secondly, planar 
laser tomography was applied in order to measure the turbulent burning velocity for the 
different gas mixtures at a range of temperatures and pressures. Images of the flame front 
were recorded using a Photron APX-rs high speed camera mounted perpendicularly and 
synchronised with a pulsed (Nd:YAG) sheet laser. To ensure reliability for each test 1000
bSize Dio < 1
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images were recorded at 10 Hz.
The experiments were run and monitored from a remote control room. LDA and laser 
planar tomography systems were controlled from their own dedicated computers, and the 
facility was controlled from its own PLC system. Fuel, combustion air and seed air were 
measured simultaneously using suitably ranged Coriolis flow meters. All experimental con­
ditions, such as: pressure, temperature, air flow and gas flow were recorded by a facility 
data acquisition system. Measured temperatures and pressures were reasonably steady with 
fluctuations not exceeding 5% and 3% of the nominal values for pressure and temperature 
respectively.
B. C alculation m ethod
General stoichiometric combustion reactions for methane, methane - carbon dioxide and 
methane - hydrogen gas mixtures, based on methane gas, can be written as follows:
C H 4 +  2 • (0 2 +  3.76 • N2) = C 0 2 +  2 • H20  +  2 • 3.76 • N 2 (1)
CH 4 +  a • C 0 2 +  2 • (0 2 +  3.76 • N2) =  (a +  1) • C 0 2 +  2 • H20  +  2 • 3.76 • N 2 (2)
CH4 + b H 2 + f  ' (°2 + 376 ' = c o * +  (<> + 2) • H20  + ' 3-76' N-2 (3)
Here a and b are the molar fraction ratios of additional gas in methane: a = X co 2 /X c h 4 
and b = X h 2 /X c h a-
Stoichiometric air fuel ratios (AFR) of methane, methane - carbon dioxide and methane 
- hydrogen mixtures are calculated:
AFBcm  =  2'(M<h ~ 3 :7 ( i ' Mni) (4)
M cha
AFRSH*-co’ =  2 -(Mo, + 3-76-Mn,) (&)
M ch 4 +  a • M co 2
AFR^ tH ‘ ~ H2 =  +. 3 ^  MN2) (6)M e Hi +  b • M h2
The mass flow rate of gas mixture and air is measured and the equivalence ratio is calculated
thus: , _
A F R st4> =   -----7-r^—  (7)
77' la ir  /  'W lfu e l
The tests were performed using a Bunsen type burner, thus, the tested flames were 
‘‘Envelope” category flames. This means that the flame forms an envelope around the 
reactants and all reactants must pass through the flame.15 Thus the burning velocity is
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related to global consumption speed16 and is calculated by the formula:
(8)
It has been proposed that the consumption speed should be used to define the turbulent 
burning velocity17 and that only flames within a particular category should be compared 
because the flame wrinkling process can be different for different flame types.18 However in 
our study we compared “envelope” category flames as well as “spherical” type flames, due
to the lack of research performed at elevated pressures and temperatures for the studied gas 
mixtures.
The exit velocity from the burner of the gas-air mixture is derived from the mass flow 
of combustion air, seed air and fuel flows, and displayed and logged simultaneously by the 
data acquisition system. Density, viscosity, diffusion coefficients and other gas properties 
of the combustible mixture at the required temperature and pressure were calculated using 
polynomial fit coefficients available within the CHEMKIN database or taken from reference 
tables. Lewis number, defined as the ratio of thermal diffusivity of the mixture and mass 
diffusivity of deficient species, was calculated for all mixtures considered.
The CHEMKIN-PRO software and GRI-Mech 3.0 reaction mechanism were used to cal­
culate laminar burning velocities and flame thicknesses for the various gas mixtures at differ­
ent pressures, temperatures and equivalence ratios. The laminar flame thickness calculation 
method was based on a classical approach of defining temperature gradient and agreed well 
with findings of Lafay et al.,19 whom made hydrogen enriched methane-air flame thickness 
measurements. These results support the computational results obtained using the GRI- 
Mech 3.0 reaction mechanism for equivalence ratios above 0.55.
C. M easurem ent Technique
The LDA results were utilised to ensure that turbulence intensity and burner exit velocity 
profiles are uniform and to find integral time scales of turbulence. The velocity and turbu­
lence profiles of isothermal air flow, seeded with aluminium oxide particles, were measured 
10 mm downstream of the burner exit across the burner axis on the centreline plane. The 
axial and radial velocities were recorded for a range of exit velocities at ambient pressures 
of 3 and 7 bara and temperatures of 473 K to 673 K. LDA data processing was carried out 
using DANTEC Flow manager software. The autocorrelation coefficient p (r) was calculated 
thus:
p { t )  r ( o) <
R(t) u '( t ) u '( t  +  r) (9)
'rm s
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where r  is the time lag, R  (0) is the correlation estimated at lag time zero, R  (r) is the 
estimated correlation. From the autocorrelation coefficient the integral time scale To was 
found:
(10)Jo
Then assuming that the field has uniform mean velocity and accepting Taylor’s hypothesis 
the integral length scale can be computed from the formula:
It was assumed that the flow is statistically axis-symetric, therefore radial and circum­
ferential root mean square velocities axe equal, thus the total turbulence intensity can be 
calculated:
Measured velocities and turbulence characteristics data of isothermal air flow at different
particular gas mixture.
D. Flam e Im aging
The planar laser tomography technique used in this study is based on the observation 
that the density of the products is lower than that of the reactants. Consequently when 
the uniformly seeded reactants are converted to products the seed density reduces and the 
scattered light intensity falls. As the flame thickness is small, a clear demarcation is generated 
between products and reactants which can be identified as the flame front.
First, all raw flame images are averaged (Fig. 4, a) using a bespoke MATLAB script. 
Then a set of the background images (taken at the end of the test when the flame is no 
longer present) are averaged using the same image processing technique (Fig. 4, b). The 
average background image is then subtracted from the average flame front image (Fig. 4, c). 
The average flame front image is converted to the binary image using a defined threshold 
value (Fig. 4, d).
However, the “Averaged Flame Shape” method based on raw images is reliant on user 
interpretation of the results before defining the threshold value, which could introduce sys­
tematic errors. Also, it was observed that the flame front was very irregular in shape for all 
experiments independent of pressure and temperature. Hence this technique is considered 
unrepresentative for calculating the average flame front area from the average flame shape
lo = u -T 0 ( i i )
rm s r m s (12)
conditions later have been used to define velocities and turbulence parameters for every
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based on raw flame images.
As is seen from the image (Fig. 4, c), due to the different levels of light, the conversion from 
a grey scale image to the binary image could be misinterpreted. Although the threshold value 
can be selected manually or automatically, using an image processing technique, subjectivity 
cannot be eliminated. Hence a more robust method for calculating the area of the flame 
front was developed, the so called “Averaged Flame Area” method.
Fig. 4 “A veraged Flam e Shape” m ethod based on  raw im ages, a) - averaged flame im age, b) - 
averaged background im age, c) - averaged flame im age background subtracted, d) - converted  
binary im age.
In this method, the area of each single flame image was calculated using MATLAB. 
First, each individual image was filtered, using morphological image processing techniques 
and median filters, and the background subtracted. Subsequently the greyscale image is 
converted into a binary image using manually selected threshold values. Different threshold 
values are required for each test case, due to the variance of background noise and seed rates. 
After conversion of the grey scale images (Fig. 5) to the binary images (Fig. 6) the pixels of 
the flame area of every single image are counted and flame area calculated.
Fig. 5 R aw  m ethane-hydrogen  m ixture flame images.
Flame area of each individual flame image is calculated using:
k
A  =  (tt • n k ■ h • w) (13)
l
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Fig. 6 Processed binary methane-hydrogen mixture flame images.
Here n - number of pixels; h - pixel height 0.353 mm; w - pixel width 0.353 mm, the pixel 
height and width were found by imaging a scale within the test section. To calculate the 
flame area each row of pixels within the image were then “rotated” around it own centreline 
axis. The side area of every cylinder made of pixels was calculated and summed. It was 
found by applying this method that there was substantial frame to frame variation in the 
surface area of the flames at a single operating point. In order to calculate the average 
turbulent burning velocity for each condition the statistical software MINITAB was applied. 
Using this approach it was possible to identify and reject all results which were outside the 
limit of two standard deviations. A new mean flame area could then be found and finally 
the turbulent burning velocity calculated.
III. R esu lts and D iscussion
A. Iso th erm al LDA R esu lts
Figure 7 shows the variation of mean axial velocity and velocity fluctuations respectively 
with radial position for a range of exit velocities. The two vertical lines at radial position 
r  =  12.5 mm and r  =  -12.5 mm represent the burner edges. Overall the results show that 
the axial velocity profiles are uniform, confirming the suitability of the burner for this study. 
Pressure has little effect on axial velocity and axial velocity fluctuations.
Using LDA, 5000 samples were collected at each position across the centre of the burner 
(radial position r  =  -9 ^ -9  mm) at each condition. Due to the flow stream shape the seeding 
rate was somewhat lower at the edges of the burner (r =  9 -r 13 mm). The relative error 
did not reach 0.5% for the measurements in the centre of the burner and did not exceed 3% 
for the measurements at the edges of the burner. The data validation rate was above 90% 
during all tests.
LDA measurements of the isothermal flow showed that, in agreement with others,20 
turbulence intensity is almost insensitive to variation in pressure and temperature. Figure 
8 shows that the turbulence intensity c{ measured at the burner radial position r  =  12 mm
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Fig. 7 A xial m ean velocity  u and axial R M S velocity  ti™, m easured 10 Him downstream  
burner ex it at different bulk gas flow velocities. V elocities indicated in the legend represents 
bulk ex it velocity at 3 bara 473 K (3-473) and 7 bara 473 K (7-473), a) axial rnean velocity; 
b) axial RM S velocity.
shows a dependence on bulk flow velocity. During the experiments bulk exit velocity varied 
between 4 to 16 m /s and thus turbulence intensity values at different bulk flow velocities 
were interpolated from this correlation.
The evolution of relative turbulence intensity as a function of bulk flow velocity is rep­
resented in Fig. 9. The increase in relative turbulence intensity, q'/u, at low bulk flow 
velocities is clearly seen from the graph.
8 1.5
14
Bulk flow velocity, m/s
Fig. 8 Turbulence intensity, q \ m easured  
at radial position  r =  12 mm, depending on 
bulk gas flow velocity  at different at different 
tem peratures and preasures: 3 bara (grey), 
7 bara (black).
0.4
f
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0
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Bulk flow velocity, m/•
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Fig. 9 T he evolution o f relative turbulence  
in tensity , q'/u, depending on bulk gas flow  
velocity  at different tem p era tu re  a nd prea­
sures: 3 bara (grey), 7 bara (black).
Data obtained by LDA were used to derive one point temporal velocity correlation and 
calculate the integral time scale and integral length scale of the turbulent isothermal flow at 
different pressures, temperatures and bulk flow velocities. 1024 correlation samples and a lag 
time r  =  100 ms were chosen to find autocorrelation coefficients. The integral tihie scale was
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found by integrating the autocorrelation function over time. The integral length scale was 
calculated using formula 11, based on Taylor’s hypothesis of isotropic turbulence. As this 
frozen-turbulence hypothesis is a good approximation only if q'/u «  1, the calculation of 
integral time scale should only be performed where the velocity fluctuation is relatively low.21 
Two point spatial velocity correlation should be carried out in order to calculate integral 
time scale where stronger turbulence prevails. Spatial and temporal correlation agree well 
for low turbulence flows, whilst strong streamline development of turbulence invalidates the 
frozen-turbulence assumption of Taylor’s hypothesis.22
Typical autocorrelation function curves are represented in Fig. 10. It was found that at 
10 m /s bulk exit velocity at 7 bara, 473 K and 673 K conditions, few data points around the 
centre of burner exit correlated, while others oscillated and did not cross zero or weakly cor­
related. The same behaviour was observed processing LDA data taken from the data points 
close to the burner rim (r ~  12 mm). This could be due to increased normalized turbulence 
intensity (relative turbulence intensity) q'/u  invalidating Taylor’s frozen-turbulence theory. 
This data for this condition is not typical.
1
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10 15 355 30
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I ’5-0
flO .O
5.0 - V .- f f
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Test conditions
Fig. 10 A utocorrelation  coefficient curves at F ig. 11 Integral length scales m easured 10 
burner radial position  r =  3 m m  for different m m  dow stream  burner at the burner center- 
gas flow velocities at 3 bara (grey) and 7 bara line ex it at 7 bara 673 K.
(black), 673 K.
Averaged integral length scale data obtained from autocorrelation coefficients measured 
at different burner radial position r < 5 mm axe presented in Fig. 11. Only correlated values 
have been used to process integral time scale and length scale. The data are consistent at 
3 bara, 473 K conditions for all exit velocities. In this case the integral length scale l0 is 
between 5 to 13 mm. At 3 bara 673 K the integral length scale increases up to 15 mm. At 7 
bara pressure the integral length scale reduces to a maximum of 10 mm for all exit velocities 
except for the aforementioned 10 m /s exit velocity case. For the other exit velocities the 
increase in pressure reduces integral length scale slightly to 2.5 mm - 10 mm.
The differences in the integral length scale results appears to arise from a number of
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interacting fac'tors. Although the mean axial velocity profiles follow well known similarity 
trends, this is not so with the turbulence (Fig. 9), which clearly shows much higher levels of 
relative turbulence intensity at low bulk flowr velocities with a somewhat weaker effect due 
to pressure and temperature. These results translate into the shown variation of integral 
length scale and seem to arise from variations in the jet potential core and the generated 
shear flow 011 its boundary. Reynolds number effects are clearly important, the lowest value 
being around 2400 (2 111/s, 3 bar, 673 K), up to 58000 (10 m/s, 7 bar, 473 K), and do 
affect such jets in the lower Reynolds numbers ranges. Unfortunately for such measurements 
it is impossible to obtain higher Reynolds numbers without the use of very much larger 
throughput rigs allowing larger diameter jets to be used.
B. T u rb u len t b u r n in g  v e lo c ity
This study has investigated a range of flames at elevated temperatures and pressures. 
Laminar burning velocities, calculated using CHEMKIN, and Lewis numbers for different 
gas mixtures at different temperatures and pressures are presented in Table 2.
Table 2 Experim ental conditions and results o f 100% m ethane, methane - carbon d iox id e and 
methane - hydrogen m ixtures
ER
c h 4
S l Le ER
15%CO2
Le ER
30%CO
S l
2
Le ER
15% #2 
S l Le ER
30 % H 2 
S l Le
3 bara 473 K
1.18 0.52 1.106 1.21 0.41 1.096 1.20 0.33 1.083 1.22 0.54 1.145 I 1.24 0.61 1.194
0.96 0.56 0.948 1.04 0.50 1.096 1.02 0.41 1.084 1.00 0.62 0.725 1.01 0.71 1.178
0.75 0.37 0.954 0.71 0.29 0.951 0.74 0.27 0.944 0.82 0.48 0.724 0.90 0.63 0.593
7 bara 473 K
1.20 0.32 1.106 1.39 0.14 1.096 1.18 0.21 1.083 1.23 0.32 1.145 1.23 0.40 1.193
1.01 0.39 1.105 1.20 0.26 1.096 0.99 0.27 0.935 1.06 0.42 1.139 0.99 0.48 0.596
0.78 0.24 0.953 0.81 0.25 0.948 0.76 0.18 0.944 0.86 0.34 0.724 0.85 0.39 0.592
3 bara 673 K
1.14 1.16 1.104 1.25 0.86 1.094 1.17 0.82 1.081 1.19 1.23 1.139 1.25 1.30 1.187
1.04 1.20 1.103 1.03 1.07 1.094 1.03 0.91 1.082 1.02 1.31 1.134 0.99 1.46 0.595
0.73 0.82 0.948 0.79 0.86 0.942 0.74 0.68 0.937 0.82 1.08 0.722 0.82 1.21 0.591
7 bara 673 K
- - - 1.19 0.67 1.094 1.20 0.52 1.081 1.22 0.81 1.140 1.22 0.93 1.186
- - - 1.04 0.76 1.094 1.01 0.63 1.082 1.03 0.94 1.134 1.01 1.03 1.172
- - - 0.77 0.56 0.942 0.78 0.50 0.936 0.79 0.69 0.722 - - -
Only values close to the stoichiometric conditions are listed in order to show the variation 
trends of Si, and Lewis number.
For pure methane gas, the methane diffusion coefficient to the multi-component mixture
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consisting of nitrogen and oxygen was calculated for lean mixtures. For rich mixtures oxygen 
diffusion to the mixture was calculated. For methane carbon dioxide mixtures methane was 
taken as the deficient component for lean mixtures and oxygen for the rich ones. However 
for methane carbon dioxide mixture the methane diffusion to the three component mixture 
(nitrogen, oxygen, carbon dioxide) was assumed. For methane and hydrogen gases methane 
and hydrogen were deficient species for lean mixtures and oxygen was the deficient gas for 
the rich mixtures.
10'
Broken reaction zones
Ka6-  1.210‘
1 Thin reaction zones Ka -110
Re -  1 Corrugated flamelets
.010'
Laminar flames Wrinkled flamelets
f t10 .3,2.0 ,1 .410‘ 10'1010 10
Fig. 12 Borghi - Peters diagram plotted on the logarithmic scale. Empty circles represent 
3 bara 473 K, full circles - 7 bara 473 K conditions; CH4 gas, and CH4 -  C 0 2 and CH4 -  H2 
mixtures.
Lewis number of methane for all equivalence ratios was close to unity for the condi­
tions considered. Lewis number decreased slightly with CO2 addition compared with 100% 
methane. The most significant change in Lewis number are observed for methane hydrogen 
mixtures. Temperature and pressure had negligible effect on Lewis number.
To identify combustion regime, the flames studied under stoichiometric combustion are 
plotted on the Borghi diagram (Fig. 12). Turbulence intensity q turbulent length scale Z0, 
obtained from our experiments (Figs. 8 and 11), and laminar flame thickness 6 l ,  laminar 
burning velocity S l , obtained from CHEMKIN, have been used to calculate the data points. 
The graph shows that all the flames are within the ’corrugated flamelet regime’. This is 
consistent with the aims of the project as it was undesirable to produce flames located in 
different regions of the Borghi diagram, for instance higher temperatures may well have 
moved the operating regime to that of ’wrinkled flamelets’.
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A pilot flame was required to stabilize the main flame for some cases of lean methane 
- carbon dioxide mixtures and with lean methane for all pressures and temperatures. This 
pilot was switched off before taking images. Methane - hydrogen mixtures stabilised easily 
for all conditions, and the pilot flame was not required. The methane - hydrogen flames 
were found to be much more stable. No significant change in flame shape was noticed when 
comparing methane, methane - carbon dioxide and methane - hydrogen mixtures, although 
increased wrinkledness of the methane - hydrogen flames was observed, as anticipated.8
1. Turbulent burning velocity measurements
Turbulent burning velocity dependance on the equivalence ratio of different gas mixtures 
are presented in Figs. 13, 14, 15 and 16. Methane data are presented in all graphs as 
a benchmark indicator. The turbulent burning velocity, ST, has been normalised by the 
methane turbulent burning velocity at 0 =  0.96, 3 bara and 473 K, obtained in experiments. 
Trendlines are plotted through each data set. Only one test for each condition was conducted. 
The relative errors of the burning velocities, computed from the flame images, were below 
1%, therefore the error bar were not determined. The graphs are grouped so that the 
dependence of St  on pressure (Figs. 13 and 15) and temperature (Figs. 14 and 16) can be 
shown. Normalised St  of methane and methane - carbon dioxide mixtures are presented in 
Figs. 13 and 14, and methane and methane - hydrogen mixtures in Figs. 15 and 16.
The peak of S t  of methane is observed at 0  = 1 - 1.1 at all conditions. When the methane 
air mixture at 3 bara is preheated to 673 K the burning velocity rises by approximately 55- 
60% in comparison with the methane burning velocity at 473 K at 0  = 1 (Fig. 13, a). For 
0 — 1.2 the increase in S t  is around 50%. At 0 =  0.8, 70% increase in S t  is observed at 3 
bara pressure. Tha data consistently show that temperature has a stronger effect on S t  for 
lean mixtures than for rich.
Increasing ambient pressure from 3 bara to 7 bara at 473 K reduces methane turbulent 
burning velocity by approximately 15-20% at 0  =  1 (Fig. 14, a). For the same temperature 
at 0 =  1.2 the increase in S t  is about 10%. Increased pressure has more influence for lean 
methane - air mixtures than is observed for rich ones.
The peaks of S t  of methane - carbon dioxide mixtures are observed at 0  =  1 - 1.1 at 
all conditions. For the higher temperatures, the peak of S t  is slightly shifted to richer 
mixtures. Small amounts of carbon dioxide added to methane did not change the mixture 
burning velocity significantly at 3 bara 473 K across all equivalence ratios (Fig. 13, a). The 
turbulent burning velocity of 85%C7/4 -  15%C02 mixture remained virtually unchanged at 
this condition. However a decrease in S t  by approximately 20% is measured at 3 bara 673 
K for 0 =  0.8 (Fig. 13, a) in comparision with pure methane. S t  of 85%Ci/4 — 15%C02 for 
rich mixtures (0 > 1.1) at 3 bara 673 K are slightly higher than S t  of pure methane. This
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Methane and Methane - Carbon dioxide mixtures
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----- 70CH4-30C02 3 bara - 473 K
1.8 A —  ■70CH4-30C02 3 bara - 673 K
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Methane and Methane - Carbon dioxide mixtures
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■ ■ ■85CH4-1 5COs 7 bara - 673 K
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Fig. 13 N orm alised  burning velocity  o f  m ethane and m ethane - carbon dioxide m ixtures at 
different pressures, a) 3 bara pressure; b) 7 bara pressure. Symbols: O  " 3 bara 473 K, A - 3 
bara 673 K, □  - 7  bara 473 K, 0  - 7 bara 673 K, blank - CH4, grey - 85%CH4 -  15%C02, black 
- 70%CH4 -  30% C 02.
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Methane and Methane - Carbon dioxide mixtures
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Fig. 14 N orm alised  burning velocity  o f m ethane and m ethane - carbon dioxide m ixtures at 
different tem p eratu res, a) 473 K  tem perature; b) 673 K  tem perature. Symbols: 0 - 3  bara 473 
K , A - 3 bara 673 K ,  □  - 7 bara 473 K ,  0  - 7 bara 673 K ,  blank - CH4, grey - 85%CH4 -  15%C'02» 
black - 70%CH4 -  30% C02-
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implies that temperature effect 011 C 0 2 enriched methane is stronger than for pure methane 
for rich mixtures (0 > 1.1), whereas the converse holds for 0 < 0.8.
30% carbon dioxide content in methane reduced turbulent burning velocity. The burning 
velocity recorded for 70%CH 4 -  30% C 0 2 was approximately 20-25% lower than that mea­
sured for pure methane at 3 bara 473 K at 0 =  1 (Fig. 13, a). Temperature increase had 
a bigger influence for 70%CH4 — 30% C 02, where burning velocity increased by 100-110% 
at 3 bara pressure at 0 — 1. At 3 bara 473 K the difference of S t  between methane and 
70%C7/4 — 30%CO2 was higher than at 3 bara 673 K (Fig. 13, a), which supports the conclu­
sion that the temperature effect 011 S t  is stronger for 70% C //4 — 30%CO2, and temperature 
effect rises with the increase of C 0 2 content in methane.
The temperature increase raised the St  of 85% Ci/4 — 15%C02 by 60-70% at 3 bara 
pressure at 0 =  1 (Fig. 13, a). However an even larger increase of St by 70-80% was 
observed at 3 bara at 0 =  1.2. At 7 bara 673 K, the burning velocity of 85% Ci/4 — 15%C'02 
is slightly higher than at 3 bara 673 K.
The S t  of 70%CH4 — 30%CO2 at 7 bara 673 K is lower than at 3 bara 673 K (Fig. 14, b). 
However the difference does not exceed 5% at 0 =  1.1. Thus, it can be concluded that there 
is a consistent trend for the effect of pressure on turbulent burning velocity of methane and 
methane carbon dioxide mixtures. This is supported by the findings of other researchers who 
have been reported that increased pressure has little effect on the turbulent burning velocity 
of methane,11 and methane carbon dioxide mixtures.7
Hydrogen addition to methane increased the turbulent burning rate considerably (Fig. 15). 
Hydrogen addition also improved flame stability. It was noted that significantly leaner mix­
tures could be stabilised on the burner than was possible during the methane and methane 
- carbon dioxide experiments. Temperature increase also improved flame stability. These 
trends are expected, and similar to those reported by other researchers.5
The peaks of S t  of methane - hydrogen mixtures are observed at 0 =  1 - 1.1 at 473 
K temperature, however the peaks are shifted to leaner mixtures at 673 K. 15% hydrogen 
addition increased burning velocity by approximately 20% for 3 bara 473 K at 0 =  1 in 
comparison with pure methane (Fig. 15). The increase of S t  at 3 bara 673 K at 0 =  1 
was about 40-45% in comparison with pure methane (Fig. 15, a). 30% hydrogen addition 
increased turbulent burning velocity by up to 45-50% at 3 bara 473 K at 0 =  1 (Fig. 15) in 
comparison with pure methane. A larger increase by 80-90% of S t  was realised at 7 bara 473 
K conditions at 0 = 1. The difference of S t  between 85%(7i/4 —15%H2 and 70%(7i/4—30%H2 
at 3 bara and 7 bara 473 K was about 15-20% (Fig. 16, a), and about 25-30% at 3 bara 
and 7 bara 673 K for stoichiometric mixtures (Fig. 16, b). Therefore it implies that the 
augmentation of ST of methane - hydrogen mixtures are more susceptible to temperature 
increase, than for pure methane at stoichiometric conditions. The largest difference between
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Fig. 15 N orm alised  burning velocity  o f  m ethane and m ethane - hydrogen m ixtures at different 
pressures, a) 3 bara pressure; b) 7 bara pressure. Sym bols: O  " 3 bara 473 K, A  - 3 bara  
673 K , □  - 7 bara 473 K , 0  - 7 bara 673 K, blank - CH4, grey - 85%CH4 -  15%H2, black - 
70%CH4 -  30%H2.
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Fig. 16 N orm alised  burning velocity  o f m ethane and m ethane - hydrogen m ixtures at different 
tem peratures, a) 4 7 3  K  tem perature; b ) 6 73  K  tem p eratu re . Sym bols: O  - 3 bara 473 K , A - 
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- 70%CH4 -  30%H2.
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burning velocity rates of methane and different methane hydrogen mixtures was found to be 
around stoichiometric combustion conditions. On the fuel-rich side the difference becomes 
smaller. These trends are generally consistent with those reported by Mandilas et al.8
The effect of pressure increase from 3 bara to 7 bara was very small on S t  for 85%CH± — 
15%H2 a t 473 K and 673 K at 0 =  1 (Fig. 16). For rich mixtures the pressure effect at the 
same temperatures was negligible, however the effect was more significant for lean mixtures. 
The burning velocity of 8 ^>%CH  ^ — \5%H 2 at 4> =  0.8 increased by approximately 65% at 
473 K, and by 40% at 673 K in comparison with S t  at 3 bara (Fig. 16). Similiar trends were 
observed for 1Q%CH^ — 30%H2 mixture. The increase in pressure from 3 bara to 7 bara 
raised S t  for lean mixtures at 473 K and 673 K ambient temperatures.
For all methane-hydrogen mixtures, at both 473 K and 673 K, the increase in burning 
velocity due to ambient pressure increase is appreciable for lean mixtures (Fig. 16), whereas 
the burning velocity of rich methane - hydrogen mixtures are similar for both pressures and 
temperatures. Whilst there are insufficient data points to be fully confident of these trends 
and more detailed investigation is required, variation in turbulent burning characteristics 
with equivalence ratio and pressure have been reported elsewhere.9,23 Variation in Markstein 
number and the influence of the preferential diffusion at different pressures and equivalence 
ratios are likely to play a significant role in explanation of such trends if consolidated.
2. Relative turbulence intensity
Methane, methane - carbon dioxide and methane - hydrogen mixtures relative tubulence 
intensities for different test conditions are plotted in Fig. 17. Relative turbulence intensity 
is represented as turbulence intensity normalised by mean velocity, q'/u. Blank symbols in 
the graphs represent pure methane data points, grey symbols 85% methane - 15% additional 
gas mixture data points, and full black symbols 70% methane - 30% additional gas mixture 
data points. The graphs are presented to indicate the variation in turbulence characteristics 
during the experiment. Different bulk gas exit velocity were used during the tests, thus 
giving some variation in absolute values of ft, o[ and relative turbulence intensity.
Relative turbulence intensity remained broadly constant, at around 14-18%, for methane, 
85% C i/4 -  15%C02 and 70%CHA -  30% C 0 2 for most test conditions (Fig. 17, a). For pure 
methane at 7 bara 473 K, the relative turbulence intensity is slightly higher, at around 19%. 
Variable q'/u  is observed for 70%CHA -  30% C 0 2 also at 7 bara 473 K. Here q'/u  drops 
from 20% for lean mixtures to 18% for rich mixtures. This is due to the higher bulk exit 
velocity of the gas mixture required to stabilise rich mixtures during the experiments. For 
70%CHa -  30% C 0 2 at 7 bara 473 K at 0 =  0.76, very low bulk exit velocity at u = 3.5 m /s 
has been maintained to keep the slow burning gas flame stable. Thus the q'/u  increased to 
20%. For methane 0 =  0.78 at the same condition the velocity u = 4.9 m /s was maintained,
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Fig. 17 Relative turbulence intensity of methane, methane - carbon dioxide and methane - 
hydrogen mixtures, a) CH4 and CH4 -  C 0 2 mixtures; b) CH4 and CH4 -  H2 mixtures. Symbols: 
0 - 3  bara 473 K, A - 3 bara 673 K, □  - 7 bara 473 K, 0 - 7 bara 673 K, blank - CH4, grey - 
85%CH4 -  15% C02{H2), black - 70%CH4 -  30%CO2(H2).
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therefore q'/u  was lower. In general for all lean mixtures the velocity had to be slightly 
reduced in order to stabilise the flame.
Similiar trends have been observed for 85%CHA -  15%H2 and 70%CHA -  30% C02 
(Fig. 17, b). Relative turbulence intensity was constant in the majority of tests under­
taken for methane - hydrogen mixtures. Only for 85%C7/4 — 15%H2 at 3 bara 473 K and 
70%C//4 — 30% //2 at 7 bara 673 K are the variations significant. This is due to a very 
low gas mixture exit velocity of u =  2 m /s for 85%C//4 -  15%H2 at <j> = 0.75, 3 bara 473 
K being used, thus increasing the relative turbulence intensity. As for methane - carbon 
dioxide mixtures, generally the relative turbulence intensity was around 14-18%. At lower 
temperature conditions q '/u  values are higher, because the exit velocity required for flame 
stabilisation was lower.
3. Data comparison and correlation
The eomparision of experimental results with the findings of other researchers and tur­
bulent combustion models are discussed here.
Comparison of m ethane experiment results with the Peters’24 and Zimont’s et al.25 cor­
relations, and the da ta  from Kobayashi et al.14 and Filatyev et al.16 is presented in Fig. 18. 
Griebel et al.11 report th a t Peters’ and Zimont’s at al. correlations overpredict their data, 
where flames are within the thin reaction zone regime. Our results - within the corrugated 
flainelet regime, with Io/S l in the range of 60-100 - are closer to the Peters’ correlation 
although, as for Griebel et al., they are also overpredicted by the Peters’ predictions. Cor­
relations for Zimont et al. are plotted for elevated temperature and pressure for different 
integral length scales lo.
Kobayashi et a l.14 performed similar measurements for methane/air flames at elevated 
temperature and pressures. Consistent with the work reported here, the flames studied 
fell into the corrugated regime on the Borghi diagram making the results of Kobayashi et 
al. a useful comparison. As observed from Fig. 18, the turbulent and laminar burning 
velocity ratio recorded by Kobayashi et al. is higher than the current results. Their data is 
also significantly under predicted by Peters’ correlation despite the fact it was seen to over 
predict the measurements reported here, as well as those by Griebel et al.11 and Filatyev et 
al.16
One possible explanation for these discrepancies could be the different interpretation 
methods of processed flame images. Kobayashi et al. has calculated flame areas from con­
tours obtained at progress variable value 0.1. This means that smaller flame areas have been 
derived and therefore higher burning velocities obtained, compared to those obtained from 
progress variable value 0.5, which the authors contend represents the averaged flame contour 
more accurately. The difference in image processing techniques employed may also account
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for some of the difference - here the single image processing technique is utilised, whereas 
Kobayashi et al. used the average image processing technique.
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— -PM M . 1 ^ - 1 0
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y  30% C 02. 3 bara 673 K. ER-1 03 
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^ 30% C 02. 7 bara 673 K. ER-1.01
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Fig. 18 Comparison o f m ethane turbulent 
and laminar burning velocities ratio St / S l 
of our experim ents w ith P eters and Zimont 
et al. correlations at different lengthscale ra­
tios Iq/Sl and different integral length scales 
/o, and Kobayashi et al. and Filatyev et al. 
experim ents data.
Fig. 19 Comparison of methane - car­
bon dioxide mixtures turbulent and laminar 
burning velocity ratio St / S l of our exper­
im ents w ith Kobayashi et al. experiment 
data at elevated temperature and pressure. 
In Kobayashi et al. experiments CO2 was 
diluted in air, Z  =  X Co2/(X air +  X Co2)-
Another comparison with Filatyev et al. experiments16 is presented in Fig. 18. Filatyev 
et al. have performed experiments in a slot type burner at 1 bara 296 K ambient conditions. 
The relative turbulence intensity in their experiment is 20%, which is very close to the 
conditions in this study. Filatyev et al. argue that turbulent burning velocity depends on 
mean velocity u and burner width, or in other words on burner geometry. They also propose 
that Bunsen burner flames should display a nonlinear dependance ( “bending effect”). A 
slightly higher value of St / S l at 7 bara 473 K is observed in the graph. This observation 
could imply that pressure affects turbulent and laminar burning velocity ratio as indeed has 
been reported by other researchers.3,14
In Fig. 19 a comparison of the turbulent and laminar burning velocity ratio from this test 
programme and the Kobayashi et al.4 findings are presented. The data of Kobayashi et al. 
for methane and methane carbon dioxide mixtures are consistently higher that the current 
experiments, with contributory reasons for these findings discussed earlier. The effect of 
carbon dioxide addition have been reported by Kobayashi et al.4 They found that the ratio of 
turbulent to laminar burning rate and mean fuel consumption rate decreased with increasing 
C 0 2 dilution ratio. A possible explanation is offered by the effect of increased Markstein
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length,4 which means tha t local burning velocity in the turbulent flame region decreases with 
local stretch due to turbulence. Another possible influence considered concerns variation of 
the smallest wrinkling scale of a CH±/a\v/CC>2 flame, which was smaller than that of the 
flame with 110 CO 2 dilution.
(0 □  10% h 2. 
■  30% H2. 
A 15% H2. 
V  15% H2. 
<  15% H2, 
>  15% H2. 
▲  30% H2, 
y  30% H2. 
4  30% H2. 
4 5
q'/SL
Shy et al . ER-0.8 
Shy at al.. ER-0.8 
3 bara 473 K. ER-0 82 
3 bara 673 K. ER-0.82 
7 bara 473 K. ER-0 86 
7 bara 673 K. ER-0.79 
3 bara 473 K, ER-0 77 
3 bara 673 K. ER -0 82 
7 bara 473 K. ER-0 85
8
□  20% H2 1 bara 298 K. Kido et al.. ER-0.8
A 15% H2. 3 bara 473 K. ER-0.82
y  15% H2, 3 bara 673 K, ER-0.82
<] 15% Hj, 7 bara 473 K, ER-0.86
[> 15% H2, 7 bara 673 K. ER-0.79
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y  30% H2. 3 bara 673 K. ER-0.82
4  30% H2. 7 bara 473 K. ER-0.85
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Fig. 20 M ethane - hydrogen m ixtures tur­
bulent burning velocity  com parison of our 
experim ents w ith Shy et al. results. Tur­
bulent burning velocity  data norm alised by 
laminar burning velocity.
Fig. 21 M ethane - hydrogen m ixtures tur­
bulent burning velocity comparison of our 
experim ents with Kido et al. Kido et al. re­
sults o f  turbulent burning velocity are nor­
malised by methane burning velocity at 3 
bara 473 K at (f> =  0.96 obtained in our ex­
periments.
The comparison of the methane - hydrogen results from this programme with those of 
Shy et al.7 and Kido et al.9 are presented in Figs. 20 and 21. Shy et al. performed their 
experiments at atmospheric conditions and show that the trends for St /S l as a function of 
q'/SL  are in reasonable agreement with ours (Fig. 20). The same trends are reported for pure 
hydrogen in the paper of Kitagawa et al.23 Figure 21 presents the turbulent burning velocity 
reported by Kido et al. (after normalizing the data by the methane burning velocity at 3 
bara 473 K at (p = 0.96). Kido’s et al. experiments were undertaken utilising propagating 
flames. The current data correlates well with their findings for q’ less than 1. For higher 
q’ the differences are noticeable. This implies that both temperature and pressure have a 
strong effect on St , and this effect arises from differences both in the type of flames and 
especially the turbulence characteristics of a propagating as opposed to that of a conical 
shape flame.
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IV . Conclusion
1. Investigations of turbulent burning velocity of gaseous alternative fuels at elevated 
pressure and temperature have been undertaken in a new large-scale High Pressure Optical 
Combustor facility. Methane, methane-carbon dioxide and methane - hydrogen mixtures 
have been tested across a broad range of equivalence ratio with pressures up to 7 bar and 
inlet temperature up to 673 K. All flames considered have been chosen in the corrugated 
flamelet regime, through appropriate choice of operating conditions.
2. An alternative analysis method for turbulent flame image processing and hence tur­
bulent burning velocity calculation has been proposed and applied. The results have been 
assessed against other commonly used methodologies, and although the method proved to 
be reliable in this programme, further investigation and refinement is ongoing.
3. Methane and methane-carbon dioxide mixtures turbulent burning velocity results have 
been compared with Peters’ and Zimont’s et al. correlations and recent data of Kobayashi 
et al. and Filatyev at al. The results show reasonable agreement with Peters’ predictions. 
However, the results show differences with the findings of Kobayashi et al., most likely due 
to data analysis differences, such as the selected value of progress variable.
4. Methane-hydrogen mixture results correlate well with recent data from Shy et al., who 
utilised the alternative propagating flame method for quantifying turbulent burning velocity, 
notwithstanding differences in pressure and temperature between datasets.
5. These data quantify the reduction in turbulent burning rate induced by carbon dioxide 
addition to methane for a variety of equivalence ratios. Increase in initial ambient gas 
temperature significantly increases turbulent burning velocity, while increase in ambient 
pressure induces a reduction. Methane and methane-carbon dioxide mixtures demonstrate 
similar trends with respect to the influence of ambient conditions.
6. Hydrogen addition to methane has been found to considerably increase turbulent burn­
ing velocity even for small volumes of hydrogen addition. For lean hydrogen-methane mix­
tures, an increase in tem perature or pressure augments turbulent burning velocity, whereas 
the influence of ambient pressure is minimal for rich mixtures.
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Prem ixed Swirl Com bustion and Flashback 
Analysis w ith  H ydrogen/M ethane M ixtures
A. Bagdanavicius* N. Shelil* N. Syred* A. Griffiths § P. J. Bowen^
Cardiff University, The Parade, Cardiff CF24 3AA, Wales, UK
Increased  in tere st in  th e  co m b u stio n  o f  h yd rogen  and h ydrogen  b len d s  
is th e  d riv in g  force in  th e  research  o f  th e  a lter n a tiv e  fuels. T h e u sage o f  
th e  new  h yd rogen  en r ich ed  fu els is u n a v o id a b ly  re la ted  to  ch an ges in  th e  
flam e stru c tu re , b u rn in g  v e lo c ity  an d  as a  co n seq u en ce  - flam e stab ility . 
F lam e flashback an d  b lo w  o ff are th e  im p o rta n t ch a ra cter istics  in  p ractica l 
ap p lication .
F lam e flashback p ro b lem s a r isin g  d u e  to  th e  u se  o f  lean  p rem ixed  com ­
b u stio n  o f  m e th a n e -h y d ro g en  m ix tu re s  is d iscu ssed  in  th is  p aper. F irstly , 
on e o f  th e  m ost im p o rta n t flam e ch a ra c ter istic s , lam in ar burning  v e lo c ity  
5 l ,  has b een  ca lcu la ted  for C H 4-H 2 m ix tu re s  w ith  d ifferent h ydrogen  con ­
te n t a t various p ressu res, te m p e r a tu r e s  an d  eq u iv a len ce  ratios. C hem kin- 
P ro  softw are package w ith  P r e m ix  c o d e  h as b e e n  u sed  for th a t p u rp ose . A  
n ew  a p p rox im ation  eq u a tio n , u sed  to  c a lcu la te  S l  o f  CH4 -H2 m ix tu res  hav­
ing d ifferent h yd rogen  co n te n t h as b e e n  co m p a red  w ith  th e  ex p er im en ta l  
resu lts  and  v a lid a ted . T h e  eq u a tio n  p r e d ic ts  th e  va lu es o f  low  h yd rogen  
co n ten t m ix tu res  q u ite  a ccu ra te ly .
S econd ly , th e  flashback  lim its  h ave b e e n  d e te rm in ed  for CH4-H2 m ix tu res  
u sin g  g en eric  sw irl b u rn er. N e w  tu rb u le n t b u rn in g  v e lo c ity  d eterm in a tio n  
m eth o d  has b een  a p p lied  an d  te s te d . T h e  ex p er im en t resu lts  have b een  
com pared  w ith  th e  B u n sen  b u rn er ex p e r im e n t re su lts  and  F lu en t co m p u ta ­
tio n s. It has b een  fou n d  th a t  h y d ro g en  en r ich ed  m eth a n e  flam es are m ore  
prone to  flashback, a lth o u g h  th e  b low  o ff lim its  are ex ten d ed . T h is is c lear ly  
d u e to  th e  in creased  b u rn in g  v e lo c ity  o f  th e  m eth a n e-h y d ro g en  gas m ix tu re .
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N om enclature
A = Model constant
= Flame front area
B = Swirl burner swirler slot width, m
c = Progress variable
c D = Coefficient
Da - Damkohler number
De - Swirl burner exit diameter
De,q — Equivalent nozzle diameter
Di — Swirl burner injector diameter
Dv — Swirl burner internal swirler diameter
Gx — Axial flux of axial momentum
Go Axial flux of angular momentum
H = Swirl burner swirler height, m
k = Turbulent kinetic energy
lo = Integral length scale, m
rh = Mass flow rate, kg /s
q' — Averaged turbulence intensity, m /s
S = Swirl number
Sc - Reaction progress source term, s~l
Set — Turbulent Schmidt number
S L = Laminar burning velocity, m /s
St — Turbulent burning velocity, m /s
T = Temperature, K
t = Time, s
U, V, w — Axial, radial and tangential velocity, m /s
u', v \  w' — Fluctuating axial, radial and tangential velocity component, m /s
V — Velocity vector
V = Volume flow rate, m 3/s
X — Mole fraction
Y = Mass fraction
a Thermal diffusivity, m 2/s
Sl Laminar flame thickness, m m
t — Turbulence dissipation rate
<t> = Equivalence ratio
P — Density, k g /m 3
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ijj Specific turbulence dissipation rate
Subscript
rrns
st
P
R
=  root mean square 
=  stoichiometric 
=  products 
=  reactants
I. Introduction
YDROGEN is considered as one of the most promising alternative to existing fuels.
However the high cost of production of pure hydrogen, safety issues and different 
combustion characteristics restrict its commercial usage. Instead of using pure hydrogen, 
hydrogen-methane blends receive more attention as an alternative fuel for power generation 
applications. The main reason of using hydrogen is related to the reduction of C 0 2 emissions 
so decreasing global warming effects. The second reason is to enhance the utilization of gasi­
fied biomass and other by-product gases derived from some industrial processes in the form 
of producer gases containing mainly H2 and CO  which can also be mixed with methane.1,2 
The third reason is to improve air quality by replacing petrol or diesel in transport.
While hydrogen enriched fuel combustion technologies are under development, Lean Pre­
mixed (LP) combustion allowing the reduction of pollution emissions, particularly NO x, 
is widely used in practical applications. LP combustion is mainly achieved by using swirl- 
stabilised combustion. It reduces the flame temperature so reducing thermal NO x emissions. 
However LP combustion is often accompanied by stability problems. Premixed flames are 
naturally more susceptible to static and dynamic instability due to a lack of inherent damping 
mechanisms.3 Therefore the understanding of swirl-stabilised combustion is an important 
prerequisite for the development of novel technologies.
Combustion in swirl burners has been studied for decades and the reviews can be found 
in the works of Syred,4,5 G upta et al.,6 Huang et al.7,8 and others. Vanoverberghe9 and 
Coghe et al.10 have demonstrated the reduction of emissions by increasing swirl, produc­
ing flames stabilized by the surrounding structures, such as inner and outer recirculation 
zones, formed as a consequence of the dynamics of the swirling mechanism. Huang et al.,7 
and Huang and Yang8 studied combustion dynamics and instability in lean premixed swirl- 
stabilized combustors. They concluded that in combustion systems the dominant mechanism 
responsible for driving unsteady flow oscillations arise from either heat release or gasdynamic 
fluctuations, or both.8
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Valera-Medina11,12 investigated coherent structures in swirl flows. He performed flash­
back analysis11 for swirl burner using different exit geometries and concluded that there are 
two types of flashback. Type 1 flashback occurred due to the backwards propagation of Cen­
tral Recirculation Zone (CRZ), and type 2 flashback occurred due to radial propagation into 
the outer swirl chamber from the exhaust sleeve. He argued that type 2 flashback occurred 
as a consequence of S T< boundary layer flame propagation and Combustion Induced Vortex 
Breakdown (C1VB).
CIVB and its effect on flame flashback has been discussed by Kroner et al.13 They stated 
that there are four causes initiating flame flashback in swirl burners:
- Flame propagation in the boundary layer;
- Turbulent flame propagation in the boundary core flow;
- Combustion instabilities;
- Combustion induced vortex breakdown.
They derived the flame quench factor as the ratio of flame chemical time and mixing time, 
and emphasised that using this factor, flashback behaviour of the burner can be characterised.
Blowout, flashback and stability issues have been discussed by Lieuwen et al.14 They 
have used the Damkohler number, which can be expressed as inverse of quench factor, to 
relate the blowout limits, and have shown that blowout occurs at Da = 0.6 for a number of 
permutations of C O / H 2/ C H 4 blends.
Most analysis conducted for turbulent and swirl flames relies on the laminar flame char­
acteristics, such as: laminar burning velocity S l and laminar flame thickness. During the 
last decades significant progress has been achieved in understanding of methane as well as 
hydrogen flames. While the combustion characteristics of pure mixtures of methane-air and 
hydrogen-air have been extensively studied over the years, the knowledge regarding the com­
bustion of mixtures containing both methane and hydrogen is limited.15 Experimental data 
at ambient conditions15,16 and at elevated pressure and temperature conditions17,18 can be 
found in literature. Numerical investigations19 21 have been conducted to define hydrogen 
addition effect. All investigations of laminar and turbulent flames show an increase of the 
burning velocities as a result of hydrogen addition to methane.
In this paper the experimental results and modelling of a generic swirl burner are dis­
cussed. Firstly, the laminar flame speed of methane-hydrogen mixtures are calculated using 
Chemkin software. The results are compared with a new approximation equation22 for cal­
culating the laminar flame speed for methane-hydrogen mixtures. Then the experimental 
results obtained from generic swirl burner of methane-hydrogen mixtures at atmospheric 
conditions arc discussed and compared with Fluent numerical calculations, and with Bunsen 
burner results, obtained at elevated temperature and pressure conditions.23
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II. E xperim ental facilities and modelling
Two scries of experiments were carried out to investigate H2 effect on methane burn­
ing velocity and flame stability. Two methane - hydrogen mixtures: 85% methane - 15% 
hydrogen and 70% methane - 30% hydrogen, were tested over a wide range of conditions. 
The generic swirl burner was used to investigate flame stability at atmospheric conditions 
(1 bara, 293 K). A Bunsen burner was used to calculate the turbulent burning velocity of 
premixed gas mixtures at 473 K temperature and 3 bara pressure. Chemkin and Fluent 
have been used to model laminar and turbulent flames. The list of ivestigated mixtures and 
conditions is presented in Table 1.
Table 1. Investigated gas m ixtures and conditions
Gas mixture Bunsen burner tests Swirl burner tests Chemkin Fluent
100 % C H 4 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
85%C//4-15%//2 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
70% CH 4-30% H 2 3 bar, 473 K 1 bar, 293 K 1, 3 bar and 300, 473, 673 K 1 bar, 293 K
50% CH 4-50% H 2 - - 1, 3 bar and 300, 473, 673 K -
30% C H 4-70% H 2 - - 1, 3 bar and 300, 473, 673 K -
15% C H 4-85% H 2 - - 1, 3 bar and 300, 473, 673 K -
100 % h 2 - - 1, 3 bar and 300, 473, 673 K -
A . L am inar flam e sp e e d  m o d e lin g
Laminar flame burning velocity is an important characteristic in turbulent flame research. 
S L of a premixed flame is defined as the propagation velocity of a plane, undisturbed flame 
without heat loss and buoyancy effect.24 It is difficult to produce such flames experimentally, 
however this definition is suitable for numerical calculations using detailed kinetic reaction 
schemes. Laminar burning velocity is constant under specific pressure and temperature.
Unstretched laminar burning velocity of methane - hydrogen flames have been modelled 
using the Chemkin-Pro25 software package. It consists of a set of different application models, 
which are used to solve various chemical kinetic problems. “Flame Speed Calculator” reactor 
model has been used to determine the laminar speed of one-dimensional freely propagating 
flame. The Premix26 code, developed by Sandia National Laboratories, has been used to run 
this model.
“Flame Speed Calculator” model with “Parameter Study Facility” option has been 
utilised to perform the numerical burning velocity calculations. The model simulates a 
freely propagating flame in which the point of reference is a fixed position on the flame, 
thus the flame speed is defined as the velocity of unburned gas moving towards the flamel. 
This model uses mixture averaged transport properties with correction velocity formulation. 
Equivalence ratio has been chosen as variable parameter. A number of runs have been per­
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formed for different temperature and pressure conditions. The domain length of 10 cm has 
been specified and the grid of 200 points has been selected, which has facilitated faster con­
vergence. Adaptive grid control parameter based on gradient GRAD =  0.1 and adaptive grid 
control parameter based on curvature CURV =  0.1 have been selected. The initial grid based 
on temperature profile estimate has been specified. Mixture averaged transport correction 
velocity formalism, with automatic estimation of temperature profile options, has been used.
“Flame Speed Calculator” reactor model requires the set of gas phase kinetic data, species 
thermal properties data and species transport properties data to be chosen before calculation. 
There are many chemical kinetic mechanisms developed for combustion research. Different 
kinetic models should be used for different gas mixtures as no one mechanism can be con­
sidered as universal model for all possible gas mixtures.
GRI-Mech27 mechanism is often used in the combustion research of hydrocarbons. It 
considers 53 species and 325 elementary reactions. This mechanism has been developed 
to investigate methane and natural gas flames and has been validated at various pressure 
and temperature conditions. The researchers have reported that this mechanism could also 
be suitable to some extent for biomass gasification-derived producer gas,28 methane hydro­
gen mixtures20,21 and for hydrogen air mixtures29,30 at atmospheric conditions. However 
there have been larger discrepancies observed between experimental data and numerical 
calculations using GRI-Mech kinetic mechanism for pure and diluted hydrogen at higher
OQ 71pressures. ’
Another well known kinetic mechanism, which has been developed by University of Cal­
ifornia in San Diego, is widely used. This kinetic mechanism considers 46 species and 235 
elementary reactions. Lafay et al.32 has utilised GRI-Mech and San Diego mechanisms to 
calculate flame thickness. They have proved that these mechanisms are in good agreement 
with the experimental data at the atmospheric conditions at equivalence ratio above 0.55.
Strohle and Myhrvold reported29 that Li et al.33 and O’Conaire et al.31 chemical kinetics 
mechanisms for hydrogen provide more accurate results in comparison with experimental 
data at elevated pressures, whilst GRI-Mech underpredicts laminar flame speed consider­
ably. They also showed that the San Diego34 mechanism yields reasonable results for helium 
diluted high pressure hydrogen flames. Sarli and Benedetto1 found that GRI-Mech kinetic 
mechanism, used in their simulation, underpredicted laminar burning velocity at high hy­
drogen content in the methane-hydrogen mixture. They identified three different regimes in 
flame propagation depending on hydrogen mole fraction in fuel mixture.
The comparison of GRI-Mech and San Diego kinetic mechanisms is presented in Fig. 1. 
GRI-Mech and San Diego results are almost identical for the 70% methane and 30% hydrogen 
mixture. The largest discrepancies between these two models can be observed in the region 
of equivalence ratio below 1 and above 1.4, although in the region from 1 to 1.4 GRI-Mech
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in th e m ixture; O ’Con - O ’C onaire m echanism , SD  - San D iego  m echanism , GRI - G RI-M ech  
m echanism .
produces higher flaine speed results. At higher hydrogen quantities in the mixture GRI-Mech 
underpredicts flame speed. This supports similar findings of other researchers.29
Similar comparison has been udertaken for pure hydrogen. The results of these calcu­
lation are presented in Fig. 1. Three mechanisms: O’Conaire et al. mechanism, San Diego 
mechanism and GRI-Mech, have been compared at 7 bara 473 K and 673 K. The O’Conaire 
et al. mechanism has been developed to simulate the combustion of hydrogen and oxygen 
in a variety of combustion environments and over a wide range of temperatures, pressures 
and equivalence ratios. The kinetic mechanism comprises of 8 species and 19 elementary 
reactions for a temperature range from 298 to 2700 K, the pressure from 0.05 to 87 atmo­
spheres, and the equivalence ratios from 0.2 to 6. The GRI-Mech mechanism underpredicts 
hydrogen flame speed in the region of equivalence ratio up to 1 and above 1.5 in comparison 
with O’Conaire mechanism. The San Diego mechanism predictions are more accurate in 
comparison with GRI-Mech whilst O’Conaire mechanism predicts the highest flame speed.
As the hydrogen content in the mixture is not high (up to 30% by volume) it is believed 
that methane combustion kinetics prevail in the combustion process. Thus taking into 
account the findings of other researchers it has been decided to use GRI-Mech mechanism 
for all methane - hydrogen mixtures.
B. T urbu len t p rem ixed  com bustion  m odelling
In premixed combustion, fuel and oxidizer are mixed at the molecular level prior to 
ignition. It is assumed that combustion takes place in a thin flame sheet. The combustion 
reactions take place and the flame front moves from premixed reactants to products. For 
subsonic flows, the overall rate of propagation of the flame is determined by both the laminar
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flame speed and  the turbulent eddies. The laminar flame speed is determined by the rate 
that species and  heat diffuse upstream into the reactants and burn.
The flame front propagation is modelled by solving a transport equation for the density- 
weighted mean reaction progress variable c:
pc) +  V • (pvc) = V • +  pSc (1)
The progress variable is defined as a normalized sum of the product species, therefore 
c = 0 for unburnt mixture, and c = 1 for products. The value of c is defined as a boundary 
condition at all flow inlets. The mean reaction rate is modelled as:35
p S c =  P r S t  | Vc| (2)
The St is computed using a model for wrinkled flames:35
ST = A -  (u')3 /4 S'L/2 a - ,/4 l„/4 =  Au’Dal/i (3)
The integral length scale lo is modeled using the equation:
lo = CD< &  (4)
The recommended value A = 0.52 and coefficient Co = 0.37 have been used.35 
Non-adiabatic premixed combustion model is considered. The energy transport equation 
is solved in order to account for any heat losses or gains within the system. These losses/gains 
may include heat sources due to chemical reaction or radiation heat losses.
The shear-stress transport (SST) k  —  l j  model has been used for modelling turbulence. 
It has feature tha t gives the SST k  —  l j  model an advantage in terms of performance over 
both the standard k  — l j model and the standard k  — e model. Other modifications include 
the addition of a cross-diffusion term in the l j  equation and a blending function to ensure
that the model equations behave appropriately in both the near-wall and far-held zones.36
C. Generic swirl burner tests
Flame stability and flashback experiments were conducted using the generic swirl burner 
designed and commissioned at GTRC. The burner was designed to produce premixed, non 
premixed and partially premixed flames, although only premixed combustion was considered 
in this programme. Air and fuel hows were measured simultaneously using suitably ranged 
Coriolis how meters. The tests were conducted at atmospheric conditions.
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Air - g a s mixture inlet 
Injector Swirler
Constraint
The burner construction is 
shown in Fig. 2. Air/fuel gas mix­
ture is supplied through a tangen­
tial inlet pipe into a plenum cham­
ber, then via 4 tangential inlets 
into the swirl chamber forming the 
main part of the burner. The fuel 
injector, which is normally used 
for the non premixed and partially 
premixed flames, is not used in our 
experiments, but is left in place 
as being representative of indus­
trial practice, where it might for 
instance be used for liquid fuel in­
jection. Such a burner design nor­
mally produces a Central Recircu­
lation Zone (CRZ), which plays an
important role in flame stabilisation. The effect of CRZ is reduced by fitting a constrain in 
the nozzle, which also helps to reduce flashback.
Swirl burners and combustors are usually characterised by the swirl number. The swirl 
number, 5, is the variable non-dimensional number representing axial flux of angular mo­
mentum, Go, divided by axial flux of axial momentum, Gx, and equivalent nozzle radius
D J  2:5
Figure 2. Generic swirl burner
s = GoGxDeq/2 (5)
However, as the flow patterns in swirl burners are complicated, it is difficult to calculate 
a specific swirl number without simplification. The swirl number varies with the burner, 
because the axial and tangential flow rates change at different levels within the burner. It is 
hence generally impractical to use local values of the swirl number, since this would require 
detailed velocity, and pressure measurements. To determine a more practical and comparable 
value, various simplifications have been used, resulting in the geometric swirl number Sg .6 
The Sg, calculated based on the geometrical configurations, was 1.47 for the burner studied 
in this programme.
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D. Bunsen burner experim ents
Elevated temperature and pressure experiments were performed in the Gas Turbine Re­
search Centre (GTRC) of Cardiff University. Burning velocity measurements were performed 
in High Pressure Optical Combustor (HPOC) using a horizontally mounted burner firing into 
an inner combustion chamber, enclosed within an optical pressure casing (Fig. 3). More de­
tail description of the burner construction can be found elsewhere.23
Two different measurement tech­
niques were applied. A non- 
intrusive 2-D laser diagnostic tech­
nique, Laser Doppler Anemometry 
(LDA), was utilised to determine 
the velocity profile and turbulence 
characteristics at the exit of the 
burner at elevated pressures and 
temperatures. The velocity and 
turbulence profiles of isothermal 
air flow, seeded with aluminium ox­
ide particles, were measured down­
stream of the burner exit across the 
burner axis on the centreline plane.
Planar laser tomography was 
applied in order to measure the turbulent burning velocity at a range of temperatures and 
pressures. This technique is based on the observation that the density of the products is 
lower than that of the reactants. Images of the flame front were recorded using a high speed 
camera. More detail description of calculation methods and experimental techniques can be 
found elsewhere.23
III. Laminar burning velocity  m odelling results
Laminar burning velocities SL of lean and rich methane-hydrogen mixtures have been 
calculated using Chemkin at different pressures and temperatures. A new approximation 
method, proposed by Shelil et al.,22 has been used to compute Sl for different methane - 
hydrogen mixture ratios and compared with Chemkin calculations. This method can be 
used to calculate the laminar burning velocity of the mixture, when the SL of pure gases and 
mass fractions Y  are known. Having Sl values of pure gases at required ambient conditions 
and equivalence ratio known, the approximation equation could be used.
Thermocouple Window purge supply
Pilot flame outlet
Window purge supply
Pilot gas supply Igmtor Pilot flame outlet Ignitor
Figure 3. H igh Pressure O ptical Com bustor
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Figure 4. Laminar burning ve loc ity  o f  sto ich iom etric  m ixtures obtained from C hem kin com ­
putations (C) and using equation  6 (E): a) at 1 bar pressure, 1-300 represents 1 bara 300 K 
conditions; b) at 3 bar pressure, 3-300 represents 3 bara 300 K conditions.
Vh, S l ,H2 +  (1  ~  V ffa)Sl,CHa ( 6 )
Here the mass fraction of hydrogen YH2 in the mixture, laminar burning velocity of 
hydrogen S l ,h7 and methane S l ,ch 4 of a particular equivalence ratio 0. The calculated 
laminar burning velocity of the methane-hydrogen mixture SL,mix for the same 0 will be 
found. For instance calculating the S l  of 70% CH 4 - 30% i / 2 stoichiometric mixture (<f> = 1), 
the S l  of CH 4 and i /2 stoichiometric air - gas mixtures are used as an input in equation 6.
Similar approaches, which simplify the calculation of Sl for the gas mixture have been 
discussed elsewhere.1,22 The comparison of Chemkin calculations and laminar burning ve­
locity results for the mixtures obtained from the equation 6 for different gas mixtures at 
0 =  1 at 1 bar and 3 bar pressures and different temperatures is presented in Fig. 4.
It is seen from the graphs that the equation 6 predicts the S l values fairly well especially 
for the mixtures with lower hydrogen quantities in the mixture (mole fraction X  < 0.5) and 
lower pressure. For higher hydrogen quantities the difference is larger. At higher pressure 
(Fig. 4, b) the calculated Sl values computed using equation 6 are higher than Chemkin 
predictions.
To compare the equation 6 predictions with experimental results the Hermanns15 data 
have been used. Hermanns15 used heat flux method to calculate the laminar burning ve­
locities of methane - hydrogen mixtures with air. The comparison of Chemkin prediction, 
calculation results using the equation 6 and Hermanns experiments are presented in Fig. 5. It 
is seen from the graph that difference between experimental results and the results calculated 
from equation 6 is not significant.
To validate the equation for the higher hydrogen content mixtures the data of Ilbas et
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Figure 6. Com parison o f Sl data obtained  
from the equation 6 (E) and Ilbas et a l.16 
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al.16 has been used as a reference. The graph of experimental values16 and calculations 
using the equation 6 is presented in Fig. 6. The experimental Sl values of 100% methane 
and 100% hydrogen has been taken as input values in equation 6. It is seen from the 
graph that equation predicts Sl fairly well for low hydrogen content mixtures (X  < 0.5). 
For higher hydrogen content mixtures the difference between results is considerably larger. 
Therefore for transition (0.5 < X  < 0.9) and methane-inhibited hydrogen combustion zones 
(0.9 < X  < 1), as defined by di Sarli and di Benedetto,1 more sophisticated formula is 
rquired.
However the equation 6 could be a useful tool for calculation of Sl for low hydrogen 
content methane - hydrogen mixtures at atmospheric and elevated temperature and pressure 
conditions.
Fluent was used for the simulation of premixed combustion. The boundary conditions 
were chosen to be 700 K for all walls. Simulations were not sensitive to this value apart from 
the exit tip of the burner. More detailed analysis of the results and discussions on numerical 
modeling can be found elsewhere.37
IV. Experim ents in a generic swirl burner at atmospheric
conditions
Flame stability depends on the operating pressure, initial temperature, equivalence ratio 
and total mass flow rate of the premixed mixture.38 The experiments were performed for 
premixed methane-hydrogen flames at atmospheric conditions to measure the stability limits 
of the flame for a particular generic burner. In the context of flashback for this generic swirl
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F igure 7. Flashback o f 85% m ethane - 15% hydrogen m ixture in m odel and experim ents, rh 
2.46  g /s ,  <(> =  0.82
burner (geometric swirl number 1.47) the size and shape of the Central Reverse Flow Zone 
(CRZ) is crucial as in high velocity flows the flame initially stabilizes on the CRZ boundary. 
Under isothermal conditions for this swirl number a bulbous CRZ forms just past the exhaust 
and the fuel injector. This CRZ then typically forms an extension to its base which consists 
of a long columnar structure which passes into the burner to the backplate.
Premixed combustion especially can virtually eliminate this CRZ as the increased axial 
flux of angular momentum reduces the effective swirl number to below the critical value for 
vortex breakdown and CRZ formation of ~  0.5. Maximum effects occur around equivalence 
ratios <f> «  1 at maximum heat release. As the equivalence ratio is weakened vortex break­
down can occur, a CRZ forms, which gradually increases in strength so that at very weak 
mixtures the structure tends to that of the isothermal state. The problem this brings is that 
for lean combustion the flame can burn not only in the exhaust but on the CRZ boundary 
surrounding the fuel injector. Here we consider the flashback of these flames radially to the 
tangential inlets and beyond. This condition represents the system behaviour both with and 
without the fuel injector. In this system, flashback was more pronounced for lean combustion 
than for rich.
As seen in Fig. 7, the CRZ and flame front can extend over the fuel injector to the
baseplate due to the extension of the CRZ over the fuel injector at weak equivalence ratios. 
This is undesirable and is a precursor to full flashback. The phenomena is often referred to 
as Combustion Induced Vortex Breakdown (CIVB). Techniques for elimination are discussed 
elsewhere.13
Hydrogen addition increased flame stability by reducing flame blow off. Similar findings 
were reported elsewhere,14,39 however this does then worsened flame flashback susceptibility
due to increase of S l an d  S t -
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Flashback occurs in the regions where 
turbulent flame propagation velocity ex­
ceeds the gas mixture supply streamlines. 
Therefore the flashback could be avoided if 
the flame speed and gas velocity could be 
kept in balance just above the burner exit. 
In the swirl burner the gas mixture flow ve­
locity could be expressed as the components 
of axial u, radial v and tangential w veloci­
ties. These velocity vectors are presented in 
the schematic burner drawing Fig. 8. Based 
on the experimental data u, v and w were 
calculated from the known mass flow rate 
and gas mixture density. Axial, radial and 
tangential velocity in the inlets are presented 
in the following three equations:
m
u =
0.25*p{Dl -  £>?) (7)
Flame
m
v = 0.5 npH(Dv +  Di) (8 )
Figure 8 . Generic swirl burner
m
w = 4 p H B (9)
The radial velocities of 85% CH 4 - 15% H2 and 70% CH 4 - 30% H2 vs 0 are plotted in 
Fig. 9. The two regions of stable flame and flashback are defined and separated by the lines, 
with values above representing stable conditions and those below representing flashback.
Testing all mixtures, both stable and flashback flames were observed. For both mixtures 
85%CH4 - 15% H2 and 70% CH 4 - 30% H2 under certain conditions the CRZ and flame 
extended over the fuel injector. The highest velocity levels for flashback were observed at 
0 =  0.8-0.9 for all mixtures. In general it was observed that the velocities, at which flashback 
occurs, increased with increasing H2 concentration in methane. H2 addition increases the 
laminar and turbulent burning burning velocity,18,23 therefore higher velocities are required 
to stabilise the flame and avoid flashback.
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Figure 9. Flashback radial velocities in generic swirl burner: a) 85% methane - 15% hydrogen  
mixture; b) 70% m ethane - 30% hydrogen m ixture.
V . Com parison o f te st  resu lts from generic swirl burner and
B unsen  burner
After the first flashback, the flame stabilised in the region around the injector as seen 
in the schematical drawing Fig. 8. In several tests, especially with higher hydrogen quan­
tities secondary flashback was observed, where the flame propagated through the swirler 
slots upstream. When the flame stabilised around the injector, the turbulent flame speed 
was balanced by the gas flow velocity, therefore the turbulent flame front was established 
somewhere in the middle region of the swirl chamber between the injector and swirler vanes. 
As the flame front remained in relative stability, the turbulent flame burning velocity could 
be derived from the equation:
=  =  f  (10)
Pr - Af Af
Here the flame front area could be approximated as Af = 0.57TH(DV +  Di). Therefore it 
can be concluded tha t St  ~  v and these values can be compared directly. Similar analysis 
applied for methane - carbon dioxide mixtures have been reported elsewhere.40
The comparison of our experimental values, obtained using the Bunsen burner at elevated 
pressure and temperature conditions,23 generic swirl burner radial velocity approximations 
and numerical St  computations are represented in Fig. 10. The St and v have been nor­
malised by a normalisation factor as explained elsewhere.23 The coding “3-473” represents 
3 bara and 473 K preheated unburned gas temperature conditions, and “15H2” represents 
85%CH4 -  15%H2 gas mixture, and “30H2” represents 70%CH± -  30%H2 gas mixture in 
the legend key. For numerical St  computations the position at the burner exit have been 
taken, where the progress variable c =  0.5.
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Considerable difference between 
St obtained from Bunsen burner 
and v from swirl burner is observed 
in Fig. 10 at <j> =  0 .8 -  1.1. One ob­
vious contributory explanation is 
that very different flame structures 
are compared, therefore some in­
compatibility is expected. Bun­
sen burner flames belong to “enve­
lope” category flames and have dif­
ferent flame wrinkling process than 
swirl flames.41,42 Another impor­
tant considerations are the uncer­
tainty in deriving the flame front 
area for swirl burner and the turbu­
lence intensity, which has not been 
measured, but only modelled.
It was observed that the flame 
front is corrugated, and the exact 
position could not be easily identified. Our assumption was to take the flame front position 
as being located half way between the fuel injector radius and the burner exit radius (Fig. 8), 
this being based purely from visual interpretation.
The definition for the turbulence characteristics for the Bunsen burner experiments have 
some uncertainties in themselves. The relative turbulence intensity for Bunsen burner 
isothermal flows at elevated temper at m e and pressure has been found to be around 15- 
20%.23 For the swirl burner, as no measurements have been possible to date, the turbulence 
kinetic energy has been computed using CFD at isothermal conditions in the middle of the 
burner, where the assumed flame front is located. The turbulence intensity <f calculated 
from the turbulence kinetic energy has been found to be in the region of 0.6 - 4.83 m /s 
for CH 4 -H2 mixtures. Therefore applying simple approximation S t  = S l  +  </, developed 
from Damkohler theory, the values of S t  can be readily calculated. The grey marks and 
dotted lines in Fig. 10 represent these normalised S t  values. It is seen that this simplified 
theory underpredicts turbulent burning velocity for lean mixtures, but the results are much 
closer to the experimental values at equivalence ratio between 0.9 and 1.0, although for 
70%CHa -  30%H2 the predicted ST is higher than radial velocity v. It is due to a very high 
turbulence kinetic energy modelled by Fluent. Similar results have been found for methane 
- carbon dioxide mixtures.40
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Numerical St  computation via CFD, evaluated at the burner exit under the same con­
ditions as the swirl burner experiments, where the progress variable c =  0.5, show much 
lower values than the radial velocity results, Fig. 10. It appears that Fluent model does not 
predict burning velocities particularly well for this swirl burner, although for Bunsen burner 
the model predictions are reasonably accurate.23,40
VI. C onclusions
The laminar burning velocity approximation method for methane - hydrogen mixtures 
has been discussed and comparison with Chemkin modelling tool has been performed. The 
investigation of methane - hydrogen flames in a generic swirl burner at atmospheric conditions 
has been conducted and the results from swirl burner experiments have been compared with 
Bunsen burner experiments.
1. The laminar burning velocity approximation equation, based on the mass fraction of 
the gas which compose the mixture, for methane - hydrogen mixtures, proposed by Shelil et 
al.22 has been investigated and compared with the experimental results. The approximation 
produces quite accurate results for the low hydrogen content mixtures and could be used as 
a tool for practical calculations when the mixture composition and the Sl of pure mixtures 
are known. However for larger hydrogen content mixtures more accurate approximation 
equation should be developed.
2. A generic swirl burner has been developed and used to test flame stability and flashback 
limits. The experiment results have shown that H 2 addition increases the flame flashback 
possibility primarily because of the increase in burning velocities of methane - hydrogen 
mixtures.
3. An attempt has been made to correlate the flashback and turbulent burning velocity 
data. Uncertainties have been emphasised and discussed. The differences in results found 
are likely to arise due to the following primary causes: the method used to derive flame front 
position, turbulent flow characteristics, flame regime, unburnt gas temperature. Modifica­
tions are needed to the Bunsen type burner to produce flame conditions at flashback closer 
to those pertaining in swirl burners.
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ABSTRACT
Increasing interest in alternative fuels for gas turbines stim­
ulates research in gaseous fuels other than natural gas. Various 
gas mixtures, based on methane as the main component, are con­
sidered as possible fuels in the future. In particular, methane 
enrichment with hydrogen or dilution with carbon dioxide is of 
considerable interest. Some experiments and numerical calcu­
lations have been undertaken to investigate methane-hydrogen 
and methane-carbon dioxide gas flames, however most of these 
investigations are limited by particular pressure or temperature 
conditions.
This paper presents the investigation of the combustion of 
methane - carbon dioxide mixtures at atmospheric and elevated 
temperature and pressure conditions. Two experimental rigs 
were used, a Bunsen burner and swirl burner.
Bunsen burner experiments were performed in the High 
Pressure Optical Chamber, which is located within the Gas Tur­
bine Research Centre of Cardiff University - at 3 bara and 7 bara 
pressure, and 473 K, 573 K and 673 K temperature conditions 
for lean and rich mixtures. Planar Laser Tomography (PLT) was 
applied to investigate turbulent burning velocity. Burning veloc­
ity of the gas mixture was calculated using two different image 
processing techniques and the difference in the results obtained 
using these two techniques is presented and discussed. Laser 
Doppler anemometry (LDA) was utilised to define turbulence 
characteristics such as turbulence intensity and integral length 
scale. Due to the variability of the velocity flow field and turbu­
lence intensity across Bunsen burners, the importance of measur­
ing position and conditions is discussed. The sensitivity of this 
variance on the flame regime as defined in the Borghi diagram is 
evaluated. In the second part of the study, a generic swirl burner 
was used to define the flame flashback limits for methane - car­
bon dioxide mixtures at atmospheric conditions. The gas mix­
ture stability graphs are plotted, and the effect of CO2 addition 
are discussed.
’ Address all correspondence to this author. 1 Copyright © 2010 by ASME
NOMENCLATURE
A Flame front area
B Swirl burner swirler slot width
c Progress variable
De Swirl burner exit diameter
f Equivalent nozzle diameter
Di Swirl burner injector diamter
Dv Swirl burner internal swirler diameter
Gx Axial flux of axial momentum
Ge Axial flux of angular momentumH Swirl burner swirler height
h Image pixel height
k Integral length scale
k Taylor’s length scale
m Mass flow rate, kg/s
nk Number of pixels
S Swirl number
Sg Geometrical swirl number
Sl Laminar burning velocity
St Turbulent burning velocity
TP Temperature of the products
Tr Temperature of the reactants
u Axial velocity, m/s
u Mean axial velocity, m/s
V Radial velocity, m/s
</ Root mean square (RMS) velocity, m/s
w Tangential velocity, m/s
W p Image pixel width
a Thermal diffusivity of nitrogen
P Density
Sl Laminar flame thickness
0 Equivalence ratio
Da Damkohler number
K Karlovitz stretch factor
Ka Karlovitz number
he Lewis number
1 INTRODUCTION
Increasing demand for more sustainable fuels is stimulating 
research into hydrogen or hydrogen containing mixtures. How­
ever due to many limitations the practical application of such fu­
els at large scale is not feasible yet. Natural gas remains the most 
important gaseous fuel for industry and in the power generation 
sector. However in some areas the natural gas could be replaced 
by methane mixtures, which are produced unavoidably due to 
certain industrial and other processes. These methane and car­
bon dioxide mixtures become unwanted products, however their 
direct emission to the atmosphere is more harmful than the CO2  
emissions released through combustion. Therefore the utilisation
of these gases for heat and/or power would be a useful fuel sup­
plement, which could save natural gas resources and reduce the 
negative impact on climate change.
Sources of these gases include waste and sewage from indus­
try, municipalities and farms. Due to complicated anaerobic di­
gestion technology and the feedstock the gas composition is very 
variable. The main components in such mixtures are methane 
and carbon dioxide [ 1 ]. The gas mixture can consist of 30 to 70% 
of methane with the rest of carbon dioxide. Sometimes small 
amounts of other gases can be found [2,3].
Combustion is the only realistic conversion technology al­
lowing the generation of heat and power in gas turbines or large 
steam boilers, using such gases. Therefore greater understanding 
of the fuel behaviour at different conditions is required. Clearly 
carbon dioxide dilution reduces the burning velocity of the lam­
inar flame, and this can be quantified through modelling tools 
such as CHEMKIN. However more detailed investigation is nec­
essary for the turbulent flames, especially for conditions greater 
than atmospheric. Different aspects of methane and carbon diox­
ide mixtures were investigated at different conditions [4-11].
Lean and rich laminar flames of air and methane - carbon 
dioxide mixtures at 1 bara and 298 K were tested in a combustion 
vessel at near-zero gravity conditions [4]. The results indicated 
that the laminar burning velocity of pure methane is around 37 
cm/s at equivalence ratio 0 = 1. The CO2 addition reduced burn­
ing velocity considerably. For instance the burning velocities of 
80% C//4 - 20% CO2 mixture and 50% CH4  - 50% CO2 mixture 
were around 32 cm/s and 18 cm/s respectively. Based on these 
experiments the authors derived the coefficients for a quartic fit­
ting equation, adapting it for a wide range of temperatures (295 
K - 454 K) and pressures (0.5 bara - 10.4 bara).
Consideration of landfill gas in the stagnation flow con­
figuration revealed that laminar burning velocities and extinc­
tion strain rates reduce in comparison with pure methane, which 
could create stability problems in practical combustors [5].
Turbulent C//4 - CO2 gas mixture combustion has been in­
vestigated in a fan-stirred cruciform burner [6,7]. The investiga­
tors pointed out the importance of an increased radiative heat 
loss due to CO2 dilution in methane, which affects turbulent 
burning velocity. A general correlation with Damkohler number 
(S j — SL)/q' = 0.06D<3° 58 for N2 and CO2 diluted gas mixture 
flames was proposed [6].
A Bunsen burner was used to study the effect of CO2 
addition on methane flames in air at elevated temperature by 
Kobayshi et al. [8], The findings showed that turbulent burning 
velocity normalised by laminar burning velocity S t /S i  reduces 
with increasing CO2 amounts in the mixture, and that this effect 
might be caused due to the influence of Markstein length. The 
researchers concluded that CO2 has “significant effect in terms 
of decreasing the smallest scale of flame wrinkles”, and that this 
could possibly restrain oscillations in combustion systems with 
exhaust gas recirculation.
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Table 1. INVESTIGATED GAS MIXTURES AND CONDITIONS
Gas mixture Bunsen burner tests Swirl burner tests Chemkin Fluent
100%CH4 3 bar, 473 K 1 bar, 293 K 1,3 bar and 300,473, 673 K 1 bar, 293 K
$5%CH4- 15% C 02 3 bar, 473 K 1 bar, 293 K 1,3 bar and 300,473, 673 K 1 bar, 293 K
7O%C//4-3O%C02 3 bar, 473 K 1 bar, 293 K 1,3 bar and 300,473, 673 K 1 bar, 293 K
More recent work on laminar and turbulent flames conducted 
at elevated temperature and pressure was reported by Cohe et 
al. [11]. The comparison of laminar experimental results with 
CHEMKIN numerical calculations using the PREMIX code with 
the GRI-Mech 3.0 kinetic mechanism, showed modest discrep­
ancies in estimating S l at increased pressures. TUrbulent flame 
image analysis showed that flame wrinkling parameters and 
flame surface density did not depend on CO 2 addition and that 
the pressure had more pronounced effect on flame structure. It 
was concluded that S t /S l  increases with pressure and CO 2 ad­
dition rate.
Several studies of the fuel dilution effect, oscillations, and 
combustion instability in swirl burners have been recently con­
ducted [12-14]. The gas turbine combustor operability is­
sues: blowout, flashback, combustion instability, and autoigni­
tion were discussed by Lieuwen et al. [12]. The researchers 
reviewed the fuels and their properties emphasising the differ­
ences in combustion properties of individual gases compared to 
combustions properties of mixtures of the same gases. Turbulent 
burning velocity behaves in a nonlinear manner as the fuel mix­
ture changes, and a possible reason for that are the changes in 
chemical kinetic rates and radiative heat transfer [12]. The oscil­
lation mechanism in the industrial swirl combustor were inves­
tigated by Dhanuka et al. [13]. PIV and PLIF techniques were 
used to obtain velocity profiles and images. The authors con­
cluded that the lean premixed prevaporised combustor, used in 
the experiments, at off-design conditions exhibits unsteady be­
havior if the ratio of the main fuel flow rate to the pilot fuel 
flow rate exceed a critical value. Two major recirculation zones 
Primary Recirculation Zone (PRZ) and Lip Recirculation Zone 
(LRZ) were identified, both having a stabilising effect. The low 
frequency unsteadiness found during the experiments was driven 
by periodic flashback oscillations through the premixed reactants 
that fill the Comer or External Recirculation Zone (ERZ).
In this paper the investigation of the methane - carbon diox­
ide mixtures conducted using Bunsen and swirl burners at el­
evated temperature and pressure and at atmospheric conditions 
respectively is reported. The correlations of S t/< f with Da and 
Ka numbers are derived, using Bunsen burner results, measured 
at elevated temperature and pressure. Flashback limits at atmo­
spheric conditions for a generic swirl burner with a range of CH4
- CO2 fuel mixtures are interpreted in the light of the Bunsen 
burner results and other work from the literature.
2 EXPERIMENTAL FACILITIES
Two series of experiments were carried out to investigate 
CO2 effect on methane burning velocity and flame stability. 
Three different gaseous fuels: 100% methane, 85% methane - 
15% carbon dioxide and 70% methane - 30% carbon dioxide, 
were tested over a range of pressures and temperatures for lean 
and rich mixtures. A Bunsen type burner was used to test pre­
mixed flames at elevated temperatures of 473 K, 573 K and 673 
K, and pressures of 3 bara and 7 bara conditions. The swirl 
burner was used to investigate flame stability at atmospheric con­
ditions (293 K, 1 bara). The list of experimental conditions and 
research methods is presented in Table 1.
2.1 Bunsen burner experiments
Elevated temperature and pressure experiments were per­
formed in the Gas Turbine Research Centre (GTRC) of Cardiff 
University. GTRC is equipped with an air compressor, which 
supplies pressurised air to the testing rigs, a large scale heat ex­
changer, which is used to preheat air, delivered to the test rig at 
the required temperature. The compressor capacity is up to 5 
kg/s at 16 bar.
Burning velocity measurements were performed in the 
HPOC using a horizontally mounted burner firing into an inner 
combustion chamber, enclosed within an optical pressure casing 
(Figure 1). The pressure casing is a cylindrical geometry with 
four diametrically opposed quartz windows, affording excellent 
optical access. The optical combustion section is fitted with a 
heat exchanger, allowing combustion air to be preheated to re­
quired operating temperatures. The inner combustion chamber is 
of rectangular form and has four internal quartz windows which 
align with the outer casing, giving full optical access to the com­
bustion chamber. The inner combustion chamber is constructed 
from aero-grade stainless steel sheet, allowing (if required) exter­
nal cooling air to pass into the combustion chamber, mimicking 
the behaviour of practical gas turbine combustors. The flame is 
thus confined to the combustion chamber. The windows are con­
tinuously purged with air during the tests to ensure they are kept 
clear of any deposits of seed. A simple Bunsen type burner is
Copyright ©  2010 by ASME
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Figure 1. HIGH PRESSURE OPTICAL COMBUSTOR
fired into the combustion chamber (diameter 25 mm). The burner 
is fitted with an annular pilot which supplies a methane diffu­
sion flame to aid stability while adjusting the operating condi­
tion. This pilot was switched off prior to making measurements. 
The main burner is fed a premix of fuel and air via a turbulence 
mixing plate, 50 mm diameter, with 53 holes each of 1.5 mm, 
blockage ratio 95%. This creates uniform turbulence and aids 
in the mixing of the reactants. The fuel gas supply is connected 
to a mixing chamber upstream of this plate. Preheated air for 
combustion, which is seeded with aluminium oxide particles, is 
delivered through the preheater to the top of the mixing chamber 
of the burner. The air supply for the both HPOC and burner is 
pressurised by the main facility compressor. Seeded air for com­
bustion is delivered by an auxiliary compressor. Fuel gases are 
supplied from premixed gas cylinders.
The experiments were controlled and monitored from a re­
mote control room. Fuel, combustion air and seed air were mea­
sured simultaneously using suitably ranged Coriolis flow meters. 
All experimental conditions, such as: pressure, temperature, air 
flow and gas flow were recorded by a facility data acquisition 
system. Measured temperatures and pressures were reasonably 
steady with fluctuations not exceeding 5% and 3% of the nomi­
nal values for pressure and temperature respectively.
Two different measurement techniques were applied. A 
non-intrusive 2-D laser diagnostic technique, Laser Doppler 
Anemometry (LDA), was utilised to determine the velocity pro­
file and turbulence characteristics at the exit of the burner at 
elevated pressures and temperatures. The velocity and turbu­
lence profiles of isothermal air flow, seeded with aluminium ox­
ide particles, were measured 10 mm downstream of the burner 
exit across the burner axis on the centreline plane. The axial and 
radial velocities were recorded for a range of exit velocities at 
ambient pressures of 3 and 7 bara and temperatures of 473 K, 
573 K and 673 K. LDA data processing was carried out using 
DANTEC Flow manager software. More detail description of
Figure 2. SWIRL BURNER
calculation method can be found elsewhere [10]. Planar laser to­
mography was applied in order to measure the turbulent burning 
velocity for the different gas mixtures at a range of temperatures 
and pressures. This technique is based on the observation that the 
density of the products is lower than that of the reactants. Con­
sequently when the uniformly seeded reactants are converted to 
products the seed density reduces and the scattered light intensity 
reduces. As the flame thickness is small a clear demarcation is 
generated between products and reactants which can be identified 
as the flame front. Images of the flame front were recorded using 
a high speed camera mounted perpendicularly and synchronised 
with a pulsed sheet laser. To ensure reliability for each test 1000 
images were recorded at 10 Hz.
2.2 Swirl burner te s ts
Flame stability and flashback experiments were conducted 
using the generic swirl burner designed and commissioned at 
GTRC. The burner was designed to produce premixed, non pre­
mixed and partially premixed flames, although only premixed 
combustion was considered in this programme. Air and fuel 
flows were measured simultaneously using suitably ranged Cori­
olis flow meters. The tests were conducted at atmospheric con­
ditions.
The burner components are shown in Figure 2.
Air/fuel gas mixture is supplied through a tangential inlet 
pipe into a plenum chamber, then via 4 tangential inlets into the 
swirl chamber forming the main part of the burner. The fuel 
injector, which is normally used for the non premixed and par­
tially premixed flames, is not used in our experiments, but is left 
in place as being representative of industrial practice, where it 
might for instance be used for liquid fuel injection. Such a burner 
design normally produces a Central Recirculation Zone (CRZ),
Swirler
Constraint
Air - gas mixture inlet
Injector
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which plays an important role in flame stabilisation. The effect 
of CRZ is reduced by fitting a constrain in the nozzle (Figure 2 
(inset)), which also helps to reduce flashback.
Swirl burners and combustors are usually characterised by 
the degree of swirl or the so-called “swirl number”. The swirl 
number, S, is the variable non-dimensional number representing 
axial flux of angular momentum, Gq, divided by axial flux of 
axial momentum, Gx, and equivalent nozzle radius D eq/2  [15]:
However, as the flow patterns in swirl burners are compli­
cated, it is difficult to calculate a specific swirl number with­
out simplification. The swirl number varies with the burner, be- 
cause the axial and tangential flow rates change at different levels 
within the burner. It is hence generally impractical to use local 
values of the swirl number, since this would require detailed ve­
locity, and pressure measurements. To determine a more prac­
tical and comparable value, various simplifications have been 
used, resulting in the geometric swirl number Sg [16]. The Sg, 
calculated based on the geometrical configurations, was 1.47 for 
the burner studied in this programme.
3 IMAGE PROCESSING METHODS
The image processing of the images obtained using the Bun­
sen burner was carried out in order to calculate the turbulent 
burning velocity. Several different methods are utilised to iden­
tify the flame front of premixed turbulent flames [17-20]. Most 
of these techniques rely on the averaging of the flame images. 
One of the biggest issues in image processing is the conversion 
of gray scale images into the binary images as the image in­
tensity is variable. Some researchers suggest converting images 
applying a dynamic threshold technique, which selects variable 
threshold values depending on image intensity at different image 
areas [21].
In our investigation we used two different methods. The first 
image processing method was based on statistical data treatment 
of the set of images. Using this method every single gray scale 
image was converted to the binary image. At first all images 
were reviewed and unreadable images were deleted. The back­
ground images were subtracted from every single image, in order 
to avoid background noise. Then, using morphological image 
processing functions, which are as standard included in MAT- 
LAB Image Processing Toolbox, the gray scale images were fil­
tered. The threshold value was calculated and the gray scale im­
ages were converted to binary images. The binary images then 
were used to calculate the flame front area [10].
The second image processing method is a well established 
and widely used image averaging method. Using this method
every single image was treated using the same image process­
ing technique. Then all binary images were superimposed and 
the final image obtained. In such superimposed images the pixel 
count reached its highest value (which was equal to the number 
of binary image) in the areas where the flame was present in all 
images. In the areas where the flame is present in fewer images, 
obviously the pixel value was lower than the maximum possible 
value. In the patches where the flame was not presented at all, 
the pixel values remained 0. Thus the average image was calcu­
lated by converting superimposed binary image to binary image, 
using the threshold value which was equal to half the number of 
all processed images. This technique allowed the production of 
the averaged image which represents the progress variable 0.5.
It was noted that using the binary image averaging tech­
nique, image conversion problems could be recognised easier 
than using a “statistical” method. When the final average binary 
images were processed, it was found that in some cases pixel 
values outside the flame region were equal to 1, although in re­
ality it should have been zero, as the region was not in the flame 
zone. This can occur because of the large background noise due 
to large amount of seeding passing into the combustion cham­
ber (especially during methane tests). Aluminium oxide particles 
collected in the combustion chamber and created a background 
noise. Even after the subtraction of the background images the 
noise remained in the gray scale images and then created un­
wanted spots in the final average binary image. The averaging 
technique was more reliable in comparison with the “statistical” 
method, as it helped to identify the areas which were “polluted” 
with seed.
The flame front area of every single image was calculated 
using the “statistical” method. Therefore in order to calculate 
the average flame front area for each condition the statistical data 
processing was carried out. Using this approach it was possible 
to identify and reject all results which were outside the limit of 
two standard deviations. A new mean flame area then was found 
and accepted as the representative value.
Only one flame front area value was obtained using “aver­
aging” method. For both methods the same equation was used to 
calculate the flame front area:
k
A = £(*■«* h wp) (2)
l
Each row of pixels within the image were “rotated” around 
it own centreline axis. The side area of every cylinder made of 
pixels was calculated and summed.
Finally having the flame front areas calculated, the burning 
velocity is computed by the formula:
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Figure 3. COMPARISON OF FLAME AREA CALCULATION RESULTS 
OBTAINED USING DIFFERENT IMAGE PROCESSING METHODS
Figure 4. AXIAL MEAN VELOCITY [10]
St ~ m
Pr A
(3)
The mass flow rate m is measured during experiments, and 
the density of the reactants Pr is calculated from the experiment 
conditions. Flame front area A is calculated using either “statis­
tical” or “averaging” methods.
The comparison of the flame front area results, obtained us­
ing “statistical” and “averaging” methods is presented in Fig­
ure 3.
The results show reasonably good agreement, though some 
degree of data scatter can be observed. Higher flame front ar­
eas calculated using “averaging” methods correspond the lower 
flame front areas compared with the “statistical” method, which 
means that the burning velocity calculated from equation 3 gives 
the higher results. However the statistical non-parametric hy­
pothesis test shows that there is no significant difference in these 
data sets. The turbulent burning velocity St values based on the 
“averaging” flame front area calculation method is used through­
out this paper.
4 MEASUREMENTS OF TURBULENCE CHARACTER­
ISTICS AND VELOCITY
Laser Doppler Anemometry (LDA) was utilised to measure 
turbulence intensity and burner exit velocity profiles. The time 
and length scales were obtained integrating temporal autocorre­
lation functions adopting Taylor’s hypothesis. The velocity and 
turbulence profiles of isothermal air flow, seeded with aluminium 
oxide particles, were measured 10 mm downstream of the burner 
exit across the burner axis on the centreline plane. The axial and 
radial velocities were recorded for a range of exit velocities at
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Figure 5. AXIAL ROOT MEAN SQUARE VELOCITY [10]
ambient pressures of 3 and 7 bara, and temperatures of 473 K 
to 673 K. LDA data processing was carried out using DANTEC 
Flow manager software. The results of axial velocity and turbu­
lence intensity at 3 bara 473 K are presented in Figs. 4 and 5.
In Figure 4 axial velocity profiles are uniform across the 
burner. The magnitude of radial velocity (not shown) is very 
small in comparison with axial velocity, therefore the effect of 
radial velocity on total mean velocity, u, is negligible. Axial root 
mean square velocity profile (Figure 5) shows large differences 
in the centre of the burner and at the edges. The highest turbu­
lence is at the edges.
The turbulence intensity, </, has been calculated from the 
data measured at the edges of the burner r = 9 -  12 mm. The 
main reason to take measurements at the edge of the burner is that 
the flame front normally presents at the edges where the shear 
layer forms.
However high temperature affects the velocity field via its 
influence on turbulence characteristics [22J. Flame and turbu-
6 Copyright (c) 2010 by ASME
ef*3
5
10°
Figure 6. EXPERIMENT RESULTS PLOTTED IN BORGHI-PETERS DI­
AGRAM
lence interaction change the turbulence characteristics. In order 
to test the influence of the flame on velocity fields, several ex­
periments were performed using the Bunsen burner with fully 
developed turbulence at atmospheric conditions. Measurements 
were taken 5 mm downstream of the burner exit at different exit 
velocities under rich methane-air mixture conditions. The exit 
velocity in this combustion test was the same as in the corre­
sponding isothermal test facilitating a comparison of the respec­
tive velocity fields. It has been observed that axial mean velocity 
is almost identical at isothermal and combustion conditions in 
the centre of the burner. At the edges, where the flame front 
normally exists, the axial velocity at combustion conditions is 
higher. This is due to temperature effect on velocity field. The 
opposite effect has been observed for root mean square (RMS) 
velocity, which is less stable at the centre of the burner at com­
bustion conditions. At the edges of the burner the RMS veloc­
ity tends to increase at isothermal flows, however at combustion 
conditions RMS velocity fluctuates around the average value or 
even decreases. Combustion dampens the turbulence intensity 
at the edges, which means that the flame becomes more laminar 
due to temperature effect. Similar findings has been reported by 
other researchers [23]. However, although the temperature ef­
fect exists, the measurements of the turbulence characteristics at 
isothermal conditions are generally conducted and used [23,24].
As turbulence intensity fluctuates across the burner the ques­
tion arises of where the turbulence characteristics should be mea­
sured. The turbulence intensity measured at the edge of the 
burner differs from the measurements at the centre of the burner 
(Figure 5). However, it is shown here that this difference has very 
little effect on turbulent flame regime. The magnified Borghi- 
Peters diagram is plotted in Figure 6. An empty mark represents 
data collected from the edge of the burner, and for each empty
Thin reactions zone
GO Corugated flamelet 
regime
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Wrinkled flamelet regime
102
iog(io/6L)
Figure 7. PARTIAL FLASHBACK OF METHANE FLAME IN MODEL 
AND EXPERIMENTS, m =  2.1 A g/s, 0 = 0.92
mark there is a corresponding black mark representing the data 
from the centre of the burner. Hence, data presented in Figure 6 
exist in pairs corresponding to the same experimental conditions. 
It can be seen that the vast majority of experiments have been 
conducted in the corrugated flamelet regime. The reduced tur­
bulence intensity has not changed the position of the data points 
- represented by the separation distance between data pairs - in 
the diagram considerably. Therefore it can be concluded that the 
measurement position of the turbulence intensity is not a deci­
sive factor in determining the turbulent combustion regime. This, 
however, is not a case for integral length scales. We have not 
obtained integral length scale measurements at the edge of the 
burner in our experiments [10]. Therefore it is not possible to 
estimate the changes of the integral length scale due to the mea­
surement position, and its corresponding effect on the turbulent 
combustion regime.
5 FLAME STABILITY TESTS IN A GENERIC SWIRL 
BURNER AT ATMOSPHERIC CONDITIONS
For comparison purposes the test results of methane and 
methane carbon dioxide mixture at atmospheric conditions are 
presented.
5.1 Methane flames stability limits
Flame stability depends on the operating pressure, initial 
temperature, equivalence ratio and total mass flow rate of the pre­
mixed mixture [25]. The experiments and modelling were per­
formed for premixed methane flames at atmospheric conditions 
with the purpose of measuring the stability limits of the flame 
for a particular generic burner. The behaviour of swirl burner is 
complex, with a rich literature in this area [13,15,26-31]. In 
the context of flashback for this generic swirl burner (geomet­
ric swirl number 1.47) the size and shape of the Central Reverse 
Flow Zone (CRZ) is crucial as in high velocity flows the flame 
initially stabilizes on the CRZ boundary. Under isothermal con­
ditions for this swirl number a bulbous CRZ forms just past the 
exhaust and the fuel injector. This CRZ then typically forms an
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Figure 8 . METHANE FLAME FLASHBACK, m = 1.485 g/s, 0  = 0.79
extension to its base which consists of a long columnar struc­
ture which passes into the burner, often over the fuel injector 
(unless it is very large) to the backplate. Premixed combustion 
especially can virtually eliminate this CRZ as the increased ax­
ial flux of angular momentum reduces the effective swirl number 
to below the critical value for vortex breakdown and CRZ for­
mation of 0.5 (axial flux of angular momentum scarcely alters). 
Maximum effects occur around equivalence ratios <f> «  1 at max­
imum heat release. As the equivalence ratio is weakened vortex 
breakdown can occur, a CRZ forms, which gradually increases in 
strength so that at very weak mixtures the structure tends to that 
of the isothermal state. The problem this brings is that for lean 
combustion the flame bums not only in the exhaust but on the 
CRZ boundary surrounding the fuel injector; this is illustrated 
later. Here we consider the flashback of these flames radially to 
the tangential inlets and beyond. This condition represents the 
system behaviour both with and without the fuel injector. Other 
work has described techniques to eliminate this CRZ extension 
over the fuel injector. In this system, flashback was more pro­
nounced for lean combustion than for rich.
As seen in Figure 7 and discussed above, the CRZ and flame 
front can extend completely over the fuel injector to the baseplate 
due to the extension of the CRZ over the fuel injector at weak 
equivalence ratios. This is undesirable and is a precursor to full 
flashback . The phenomena is often referred to as Combustion 
Induced Vortex Breakdown (CIVB). Techniques for elimination 
are discussed elsewhere [28].
Full flashback is shown in Figure 8. Here the flame has flash­
back to beyond the tangential inlets, and is operating as a cyclone 
combustor [15,16], undesirably overheating the main swirl com­
ponents.
The stable and flashback flames are reported under various 
air and fuels mass flow rates. Calculated experimental values 
of total mass flow rate m vs the equivalence ratio <f> are plot­
ted in Figure 9, which represents the burner flame stability map. 
An interpolation has been performed to define the flame stability 
limits. The curve divides the operating conditions into two re­
gions. The region of stable flames is placed above the curve, and 
the region of unstable flame, flashback region, is located under 
the curve. The mass flow rate of fuel mixture was increased and
CH.
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Figure 9. FLASHBACK VELOCITIES OF METHANE FLAME
reached its peak at (f> = 0.7. For rich mixtures the fuel mass flow 
rate was reduced again, though here flashback was not observed.
Another problem that was observed during the experiments 
was flame blow off. It was difficult to hold the flame with higher 
mass flow rates. One of possible solutions, in order to keep the 
flame within blow off limits, is to inject small quantities of diffu­
sive fuel directly into the central recirculation zone, thus stabiliz­
ing the system, as implemented in practical gas turbine combus­
tors [27]. Another technique, which improves the C//4 stability 
is to add H2 [12,32], however this does then worsen flame flash­
back susceptibility due to increase of S t.
5.2 C 0 2 dilution effect on flam e stability
Flashback occurs in the regions where turbulent flame prop­
agation velocity exceeds the gas mixture supply streamlines. 
Therefore the flashback could be avoided if the flame speed and 
gas velocity could be kept in balance just above the burner exit. 
In the swirl burner the gas mixture flow velocity could be ex­
pressed as the components of axial u, radial v and tangential w 
velocities. These velocity vectors are presented in the schematic 
burner drawing Figure 10. Based on the experimental data u, 
v and w were calculated from the known mass flow rate and gas 
mixture density. Axial, radial and tangential velocity in the inlets 
are presented in the following three equations:
U 0.257rp(£>2-D?)
v =  *   (5)
0 .5npH(Dv +  Dj) y
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The radial and tangential velocities of C//4, 85% CH4  - 15% 
CO2 and 70% C//4 - 30% CO2 vs equivalence ratio are plotted 
in Figure 11. The two regions of stable flame and flashback are 
defined and separated by the lines, with values above represent­
ing stable conditions and those below representing flashback.
Testing all mixtures, both stable and flashback flames were
observed. For both mixtures 85%C7/4 - 15%  CO2 and 70% C//4 
- 30% C O 2 under certain conditions the CRZ and flame extended 
over the fuel injector as in the case of methane flames. The high­
est velocity levels for flashback were observed at <(> =  0.7 -  0.8 
for all mixtures. In general it was observed that the veloci­
ties, at which flashback occurs, decreased with increasing C O 2  
amount in methane. C O 2 addition decreases the burning veloc­
ity [4,10,11], therefore lower velocities are required to stabilise 
the flame and stability limits are improved.
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Figure 11. FLASHBACK VELOCITIES OF METHANE AND METHANE 
CARBON-DIOXIDE FLAMES
6 THE COMPARISON OF THE BUNSEN BURNER AND 
SWIRL BURNER TEST RESULTS
After the first flashback, the flame stabilised in the region 
around the injector as seen in Figure 8 and in the schematical 
drawing Figure 10. In a few tests with pure methane at very low 
mass flow rates secondary flashback was observed, where the 
flame propagated through the swirler slots upstream. However 
when testing methane - carbon dioxide mixtures, this phenom­
ena did not occur. When the flame stabilised around the injector, 
the turbulent flame speed was balanced by the gas flow velocity, 
therefore the turbulent flame front was established somewhere in 
the middle region of the swirl chamber between the injector and 
swirler vanes. As the flame front remained in relative stability, 
the turbulent flame burning velocity could be derived from the 
equation 3. Here the flame front area could be approximated as 
A  = 0.5izH(Dv +  D i) . Therefore combining equations 3 and 5 it 
can be concluded that S t =  v. It must be pointed out that turbu­
lent consumption velocity calculated as indicated above must be 
distinguished from turbulent displacement velocity, which could 
be found using the same method measuring or modelling radial 
velocity, but not by the method above. Therefore these values S j  
and v can be compared directly.
The comparison of our experimental values, obtained using 
the Bunsen burner at elevated pressure and temperature condi­
tions [10], swirl burner radial velocity approximations and nu­
merical S t computations are represented in Figure 12. The S t 
and v have been normalised by a normalisation factor as ex­
plained elsewhere [10]. The coding “3-473” represents 3 bara 
and 473 K preheated unbumed gas temperature conditions, and 
“15C02” represents $5% C H t - 15% C O 2 gas mixture in the leg­
end key. We have not been able to stabilise very lean methane 
and methane - carbon dioxide mixtures in the Bunsen burner,
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Figure 12. COMFWRISON OF EXPERIMENTAL VALUES FROM BUN­
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therefore only values close to the stoichiometric conditions are 
presented. For numerical St computations at the burner exit po­
sition have been taken, where the progress variable c =  0.5.
Considerable difference of S t and v is observed in Figure 12 
at 0 =  0.7 -  0.8. One obvious contributory explanation is that 
very different flame structures are compared, therefore some in­
compatibility is expected. Bunsen burner flames belong to “en­
velope” category flames and swirl burner flames considered here 
would fall into the “unattached” or “flat” flame category, which 
have different flame wrinkling process [33,34]. Another impor­
tant consideration is the uncertainty in deriving the flame front 
area for swirl burner. It was observed that the flame front is 
corrugated, but thin, and the exact position could not be easily 
identified. Our assumption was to take the flame front position 
as being located half way between the fuel injector radius and 
the burner exit radius (Figure 10), this being based purely from 
visual interpretation 8. As an example, increasing the flame front 
diameter by 20% the St  would decrease by 17%. Hence, more 
accurate flame front identification methods should be sought for 
future work.
It has already been noted that the definition for the turbu­
lence characteristics for the Bunsen burner experiments have 
some uncertainties in themselves. The relative turbulence in­
tensity for Bunsen burner isothermal flows at elevated tempera­
ture and pressure has been found to be around 15-20% [10]. For 
the swirl burner, as no measurements have been possible to date, 
the turbulence kinetic energy has been computed using CFD at 
isothermal conditions in the middle of the burner, where the as­
sumed flame front is located. The c{ calculated from the turbu­
lence kinetic energy has been found to be in the region of 0.6 -
1.83 m/s for CH4 and CH 4-CO 2 mixtures. Therefore applying 
simple approximation S t = S l + </, developed from Damkohler 
theory, the values of S t can be readily calculated. The grey 
marks in Figure 12 represent these normalised S t values. Sim­
plified theory underpredicts turbulent burning velocity for lean 
mixtures, but the results are much closer to experimental values 
at equivalence ratio between 0.8 and 0.9.
Numerical St computation via CFD, evaluated at the burner 
exit under the same conditions as the swirl burner experiments, 
where the progress variable c = 0.5, show lower values than the 
radial velocity results, Figure 12. Several interesting conclusion 
emerge from this data analysis:
• Fluent predictions are better with C H 4-C O 2 mixtures than 
for pure methane alone, although all results show substantially 
lower flashback velocities than those measured experimentally 
in the swirl burner, typically being 50% lower.
• The Bunsen burner results show significantly lower values 
than those obtained in the swirl burner. Due to different turbu­
lence characteristics, and different presure and temperature con­
ditions these experiments can not be directly compared, however 
St curve profile obtained from swirl burner experiments indicate 
that maybe new methodologies need to be developed to measure 
St in systems with the much higher turbulence levels found in 
the flashback regions of swirl burners.
7 CONCLUSIONS
The investigation of methane and methane - carbon diox­
ide flames at atmospheric and elevated temperature and pressure 
have been performed. Different research methods, using Bunsen 
and swirl burners, have been used to investigate the influence of 
CO2 addition to methane on fundamental combustion character­
istics in turbulent and swirling flames.
1. Turbulent burning velocities of methane and methane - 
carbon dioxide mixtures at elevated pressures and temperatures 
have been defined for Bunsen burner flames, applying different 
image processing techniques. The difference in results obtained 
from two different image processing techniques have been found 
to be statistically insignificant.
2. TUrbulence isothermal flow characteristics for the Bun­
sen burner at elevated temperature and pressure have been de­
termined using LDA. Comparison of experiments of isothermal 
and non-isothermal velocity and turbulence intensity measure­
ments have been conducted in order to analyse the temperature 
effect on turbulence characteristics. Combustion influences the 
velocity field and turbulence intensity at the edges of the burner, 
where normally the flame front is located. The axial velocity in­
creases and the turbulence intensity is reduced due to the flame 
effect. Therefore for the Bunsen burner, velocity measurements 
under combustion conditions would produce more reliable re­
sults at the edges of the burner than isothermal measurements, 
which should be considered in future studies.
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3. Variable turbulence characteristics across the burner (Fig­
ure 5) are produced in the Bunsen burner, and so the measuring 
position of the turbulence intensity and turbulent length scale is 
a factor which should be taken into consideration. Although tur­
bulence intensity measured at different burner positions across 
the burner has been found to be variable, its effect on the general 
tlame regime, defined in Borghi diagram, is shown to be small. 
In the vast majority of test cases, the flames have been found to 
lie in the corrugated flamelet regime for both the centre and edge 
of the burner.
4. A generic swirl burner has been developed and used to test 
flame stability and flashback limits. The experiment results have 
shown that CO2 addition reduces the flame flashback possibility 
primarily because of the lower burning velocities of methane - 
carbon dioxide mixtures.
5. A first attempt has been made to correlate the flashback 
and turbulent burning rate data, as fundamentally the two diag­
nostics must be related. Uncertainties have been emphasised and 
discussed. The differences in results found are likely to arise due 
to the following primary causes: the method used to derive flame 
front position, turbulent flow characteristics, flame regime, un- 
bumt gas temperature. Modifications are needed to the Bunsen 
type burner to produce flame conditions at flashback closer to 
those pertaining in swirl burners.
CO2 has clearly significant effect on methane flames, how­
ever due to the lack of experimental data at non-atmospheric con­
ditions for premixed turbulent flames it is not easy to predict the 
behaviour of these flames using commercial models.
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